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PREFACE

This is the final report prepared by Calspan Corporation,
Advanced Technology Center on a program sponsorsd by the Air Force Weapons
Laboratory, Kirtland Air Force Base, New Mexico under Contract F29601-77-C-0093
for the period September 1977 to August 1978. The work herein entitled
"TRESTLE WIND TUNNEL STUDY" was accomplished with Major Sherwood A. Richers,
AFWL/TPO as Project Engineer. Dr. Gary R. Ludwig of the Calspan Corporation
was technically responsible for the overall program, Dr. Joseph P, Nenni of
Calspan developed the analytical portion of the program. Other Calspan

personnel were: Dr, George T. Skinner, Mr. John R. Moselle, and Mr. John
Nemeth.
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l. INTRODUCTION

i e b © )

The U.S. Air Force is building a TRESTLE facility to test the effects
of electromagnetic pulses on large aircraft. Test aircraft will be situated
in flight configuration on the test stand of the facility. The test stand is
situated approximately 120 feet above a square bowl-shaped excavation in the
ground. Access to the test stand is by a ramp over the excavation., The ramp
is 50 feet wide by nearly 400 feet long. Large aircraft being towed uver
the ramp will be subject to complex wind fields which may cause handling
problems leading to aircraft and facility damage. The present program con-
sists of model tests to determine the wind flow patterns around the TRESTLE

facility, and the use of the wind flow data in an analvsis to determine the

effects of these winds on aircraft on the ramp and the test stand.

The model tests were performed in the Calspan Atmospheric Sirulation
Facility (ASF). This is a specialized wind tunnel designed for the purnose
of nodeling the wind in the lower atmosphere. In the current program, a1
scale model of the TRESTLE facility and its surrcundings was designed ard
constructed to fit on one of the large turntables in the ASF. Suitably
scaled, randomly distributed terrain roughness elements were used for a lcng
fetch upstream of the turntable model to generate the proper wind characteristics
in the wind approaching the turntable. Preliminary flow visualization experi-
ments using smoke were performed to study the general flow patterns near the
TRESTLE facility and aid in the selection of locations for making quantitative
velocity measurements. Three-component mean velocity measurements were then
made with hot-film equipment at sufficient points to define the flow field
in the vicinity of the ramp and the test stand. The velocity surveys were

perfofmed for everv 30 degrees in wind direction.

The experimental velocity measurements were used to estimate the ef-
fects of the wind on various large test aircraft while the aircraft are being
towed on the facility or are tied down on the facility. Since available

methods of estimating the aerodynamic characteristics of aircraft do not apply




to these fiow conditions because of a combination of wind shear, ground effects
and unconventional wind-aircraft orivntation, a simplified method was developed
to estimate the forces and moments on the aircraft. It was envisioned that

the primary aircraft motions of interest would be overturning, lift-off and
sliding in either translation or rotation. The simplified method of aero-
dynamic analysis was used o estimate the forces on the aircraft for varlous
wind directions and velocities and for various positions on the facility in
order to identify wind conditions that might produce any of the above aircraft
motions.

It was expected that the wind flow patterns around the model of the
TRESTLE facility would show significant variations in velocity over the typical
dimension of an aircraft. Therefore, in order to obtain realistic estimates
of the forces and moments acting upon the test aircraft, the method of analy-
sis incorporated provisions to account for the nonuniferm flow in the vicinity
of the aircraft. This necessitated measuring the local wind velocity compo-
nents at a sufficient number of points so that the data could be interpolated
te any point on the aircraft surfaces. Thus, a large number of velocity
measurements were required for each wind direction. The acquisition of these
data and their incorporation into the analysis essentially determined the
scope of the progranm.

This report presents the results of the model test program and the
aircraft force analysis. The scaling criteria for the model tests are pre-
sented in Section 2 followed by a description of the ASF and its instrumenta-
tion in Section 3. The model design and construction are described in Sec-
tion 4 and the test program and its results are presented in Section 5. A
description of the aircraft force analysis and its results are presented in
Section 6. A summary of the results aad the conclusions reached are presented
in the last section. Details of the hot-film anemometer data analysis, the
experimental velocity results, and the aircraft force analysis computer pro-
gram are presented in Appendices A through D.
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2. SCALING CRITERIA

ln conducting small-scale modeling of flows in the atmospheric boundary
laver, care must be taken to ensure that all important features of the full-scale
situation are represented in the model. Broadly speaking, these include the
ambient +ind environment, including both the mean and turbulent characteristics,
as well as the local terrain. Although not relevant here, in the special case
af studies of the dispersion of stack emissions, one must also model the relevant
features of the exhaust gases, namely, exit momentum, buoyancy and pollutant
concentration. The dynamics of such flows involve inertial, viscous and
buovancy forces, as well as turbulent transport. The scaling criteria presented
below are mathematical statements of the requirement that each of these forces
be present in the same relative degree in the model as in full-scale. They are
discussed at some length in References 1 through 4, and here we will onlyv list

then, along with a brief description of what they represent.

The most obvious requirement is that of geometric scaling between the
full-scale and model flows, with regard to buildings and local topograrhy. This
also implies that one should hold the ratio of some characteristic geometric
length, sav 1 , to a length characteristic of the local ground roughness, say

Z, , constant between full-scale and the model:

1. McVehil, G.E., Ludwig, G.R. and Sundaram, T.R. "On the Feasibility of
Modeling Small Scale Atmospheric Motions”  Calspan Report No. ZB-2328-P-1
Apri] 1047

2. Ludwig, G.R. and Sundaram, T.R. "On the Laboratory Simulation of Small-
Scale Atmospheric Turbulence'  Calspan Report No, VC-2740-S-1
December 1969

3. Ludwig, G.R., Sundaram, T.R. and Skinner, G.T. ‘'Laboratory Modeling of
the Atmospheric Surface Layer with Emphasis on Diffusion™ Calspan
Report No. VC-2740-5-2 July 1971

4, Sundaram, T.R., Ludwig, G.R. and Skinner, G.T. 'Modeling of the Turbu-
lence Structure of the Atmospheric Surface Layer"  AIAA Jourmal Vol. 10
No. 6 June 1972
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where the subscripts "m " and " £ " denote model and prototype {(full-scale),
respectively. Since Z, essentially determines the scale of the turbulent
eddies near the ground, this ensures that the relative size of the structures

i and the eddies is maintained.

The majority of flows very near the ground are "aercodynamically rough",
i.e., no laminar sublayer exists, and the flow is fully turbulent. In such
cases, molecular diffusion is negligible in comparison with that resulting
from :urbulent transport. For this reason, holding the usual Reynclds number
constant, based on free-stream conditions and a characteristic model length, is
generally not required. Experience has shown that the flow will be aero-
dvnamically rough when a Reynclds number based on surface conditions is
sufficiently large; i.e.,

L2, o o, (2
¥

where U, , the friction velocity, is related to the shear stress at thE ground,

T , byu, -era- Here 3 1is the kinematic viscosity and @ the air density.

Of the two conditions, (1) and (2), it is more important to satisfy
condition (2). In addition to these criteria, it is also necessary to make
certain thzt the turbulence spectra of the tunnel flow are suitably scaled
reproductions of the atmospheric flow, When these conditions are met, the
wind environment in the tunnel flow is a picper representation of the atmos-

phe.e, for neutrally stable conoitions.

The problem of actually generating the required flow in a laboratory
facility is one that has received a great deal of attention in recent years. A
wide variety of approaches is available for the development of the proper flow;

these involve the use of various types of roughness elements, fenres, spires,

10




and jets transverse to the flow. At Calspan, the approach that has been used
hd

. . L , . 2,34
is that of a matched fence/rough-floor combination. +3s

With this technique,
the appropriate semi-logarithmic mean velocity profile, as well as a turbulence

spectrum representative of that in the neutral atmosphere, {s generated.

There are some additional scaling criteria which must be satisfied when

modeling buovant flows such as stach emission or thermally stratified atmospheric
flows. A relatively comprehensive summary of these is presented in Reference 5,
However, these additional criteria do not apply to the present program. For

the neutrally stable atmosphere of the current tests, both the full-scale and
model flow patterns will be independent of the magnitude of the wind velocity if the
local velocities are normalized by a reference velocity which is representative
of the wind approaching the TRESTLE facility. The retference velocity can be

that measured at corresponding locations in the model and full scale, say, tor

example, at 10 meters above a specific ground level location. Thus it ° necessary
to measure flow patterns at only one reference wind velocity in the model tests.
The dimensionless results will be applicable to all reference wind velocities,
turthermore, the forces and woments on a building or aircraft model imnmersed in

the flow may be suitably normalized to be independent of the magnitude of the
reference velocity. 1t should be noted, however.'th&t the flow patterns will

change with wind direction and it is necessary to measure the flow field for a
variety of wind directions.

‘< noted in the preceding discussion, Reymolds number does not play
as important a role in atmospheric modeling as it does in aeronautical modeling.
However, it is necessary to consider Reynolds number effects in the design
of some portions of the TRESTLE facility model. Specifically, it is neces-

sarv to consider Revnolds number effects when designing the model of the wire

5. Ludwig, G.R, and Skinner, G,T, "Wind Tunnel Modeling Study of the Dis-
persion of Sulfur Dioxide in Southern Allegheny County, Pennsylvania"
Environmental Portection Agency Report No. EPA 903/9-75-019
December 1976
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mesh structures used to simulate the transmission lines and the central

ground plane wedge structure. 1t is necessary to keep the drag or loss character-

istics of these structures the same in the model and in full-scale., Similar

considerations are necessary in the design of the support structure hencath
the test stand and ramp. This topic is addressed more fully in Section 4.

A final discussion, regarding the comparison of model results with full-
scale, relates to the well-known fact that in full-scale, the averaging time
has a distinct effect on the measurements. This is not the case in model tests
in the ASF. The model results correspond to short-time averaged full-scale
measurements, taken over not more than 10 or 15 minutes in most cases. Briefly,
what is involved here is the following. The frequency spectrum of wind gusts in
full-scale always shows a null, or near null, in the range 1 to 3 cvcles per
hour.6 Thus, it is theoretically correct to separate the spectrum into two
parts at a frequency in that range, and deal with phenomena associated with each
part separately. 1ln the ASF, the high-frequency portion related to the ground-
induced turbulence is fully simulated. The low-frequency portion related to
meandering of the wind, diurnal fluctuations, passage of weather systems, annual

changes, and so on, must be considered separately if they are important to the

study. In the current progran, these very low frequency effects are not important.

Usually, meteorological forecasts will provide estimates of hourly mean velocity
and gust maximum velocity. The velocity measurements in the ASF correspond

most closely to the hourly mean meteorclogical forecasts. However, conservative
estimater ..f the wind effects will be obtained if the peak gust velocity in-
stead of the hourly mean velocity is interpreted as the reference velocity in
the force analysis.

Since the effective full-scale averaging time is independe.t of model

averaging times, one can choose the model averaging time to provide data which

6. Lumley, J.L. and Panofsky, H.A. The Structure of Atmospheric-Turbulence
Interscience (John Wiley and Sons) liew York pp. 42-43




are repeatable to within a specitied accuraey., The model averaging times re-

quired to ohtuin a given accuracy can be estimated from statistical considerations

as described in the following paragraphs.

For a statistically stationary process, one can form an average of
any quantity by taking N independent samples, adding their values and dividing
by N . If one were to do this many times, one would obtain a distribution of
average values having some standard deviation from the true mean. The ratio
of this standard deviation to the true mean value is approximately N'I/: , in
most cases. This ratio may be reparded as a tvpical fractional error in a
quantity measured by averaging N independent samples, Thus, to keep this error
within 10% of the mean requires about 100 samples; to keep it within 1% requires

about 10,000 samples.

We have stressed that the samples must be independent. That means thut
the system |the air flow around the model in the ASF) must “forget" what it was
doing in the time span hetween samples -- an independent sample can he obtained
once the correlation with the last value has essentially vanished. To estimate

the time interval required between samples, one can proceed along the following

lines. The model is immersed in a
boundary layer of thickness, & ,

typically about 4 feet. The velocity,

Ue , near the top of the'boundary Vo —=

layer may be anything from roughly 1 to f

B0 feet per second. The biggest §= ¢ CHET

eddies in the turbulent flow essentially ‘ HTD—'-T

span the boundary layer, so that we are ’”‘”"""'”“ T ..-;..',,..r,,,,, e

not assured of an independent turbulence

picture until the boundary layer has moved a distance of about 4 . We can say
. that most of the boundary layer moves at a velocity close to U, , so we can

take "independent' samples at a rate U_/d per second. We can now construct

an equation which relates the sampling time, t, required to obtain a given



tractional error, o , to the tunnel reference velocity, Ues . From the
above discussion,

! )
Fc a3 —= , and at, & —
VN s Voo
Thus,
T, o o d (3}
d Ue Up * l
where N = number of independent samples

{3

4
-

"

minimum time interval between samples (seconds)

ty a model sampling time (seconds)

o) = ASF boundary laver thickness ( & 1 feet)

Ug = ASF reference velocity at top of boundary layer (feet/sec.)

o = fractional error in measurements (% error/l00)

It should be woted that, in the case of turbulence measurements, high
froquency components require the same averaging time as discussed above because
they are products of the breakdown of the large (low frequency) eddies, There-

tore, they atve xubject to the same statistical vousiderations,

ft 1s ot generally appreciated how long an averagiag time is reguired
for ASF data processing. This can be illustrated by application of Equation (31,
Typival aecuracies expected in pollution studies are about 0% and typival
velocities are about 2 ft/sec. Equation {3) indicates a required sampling
time of 200 seconds. On the other hand, a typical velocity for the TRESTLE
model tests was about 35 ft/sec. In this case, lquation (1) indicates that
an accuracy of 5% would require 400 samples taken in a minimum total time of
16 seconds,

14




In the current program, the total number of samples used was 400
taken over a time interval of 68 seconds. For the 35 ft/sec reference ve-
locity used for the majority of the tests, this time interval is nearly 50
percent larger than the approximate minimum time given by Equation (3}). A
few tests were performed with a reference velocity of 20 ft/sec. The cor-
responding minimum averaging time given by Equation (3) is approximately
80 seconds for 400 samples. The 68 second integration time is about 15 per-
cent lower than the value suggested by Equation (3}, However, as indicated
in the derivation, Equation (3) is only approximate. In practice, it has
usually been found that somewhat shorter averaging times provide the required
accuracy. To establish a suitable value at the start of any program, a few
averages are generally checked as a function of integration period. Varying
the integration period was not practical in the current program because of
the way in which the on-line minicomputer was programmed for data reduction
of the instantaneous samples. Nevertheless, comparison of the non-dimensional
velocities measured at the two reference speeds indicated satisfactory agree-

ment.
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3. TEST FACILITIES

3.1 THE ATMOSPHERIC SIMULATION FACILITY

The Calspan Atmospheric Simulation Facility (ASF), is designed
mainly for studying atmespheric flow phenomena. This wind tunnel differs
from the conventional aeronautical wind tunnel in two important respects,
namely, the wind shear and the degree of turbulence. Ever) effort is made in
a conventional aeronautical wind tunnel to assure a smooth, uniform flow, free
from turbulent gusts. In contrast to this, a wind tunnel for simulating the
lower atmospheric flow requires a relatively thick turbulent boundary layer
within which the mean and turbulent properties are similar to those in the
atmosphere.

In order to simulate these effects properly, a wind tunnel must be
constructed in a very unconventional way. The particular method developed at
Calspan for this purposez'4 is to use a fence, protruding from the floor of
the tunnel, followed by a length of floor that is covered with roughness
elements, This combination assures both the desired shear, and the associ-

ted turbulent gust spectrum as well, Figure | shows an exterior view of the

facility. The rough floor, vonsisting of 3b feet of wooden blocks followed by
12 feet of gravel in this case, can be seen upstream of the model in Figure 2.
The fence, which is a solid aluminum plate, protruding from the floor at the

beginning of the flow development region, is alse visible in this figure.

The facility is 119 feet long. The test flow is developed generally
over a S0-foot length downwind of the intake, leaving approximately 30 feet
available as a test section. The tunnel is B feet wide by approximately 7
feet high. The tunnel ceiling is adjustable to allow the axial pressure
gradient to be set near zero. The turbulent boundary layer cccupies roughly
the lower 4 to 5 feet in the ASF depending on the rough ground configuration,
A variable-pitch fan powered by a two-speed motor pulls air through the tumn-
nel at speeds from less than 1 mph to SS mph. Sound attenuators upstream

and downstream of the fan system are included in the power package. Even at
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very low free-stream velocities, the mean flow in the tunnel is quite steady.
The wind tunnel is situated in a very large room which forms the return cir-
cuit between the tunnel inlet and exhaust.

Two mechanical turntables are incorporated into the floor of the
ASF. Both of them have a diameter of 88 inches. These turntables can be
placed at various axial locations, depending on the program requirements.
Models to be tested are mounted on one of the turntables. In this way, when
upstream details are not sufficiently unique to require specific modeling,
the general rough ground can be continued uo to the turntable, which can then
be rotated to change wind direction. The floor of the ASF can be warped both
upstream and downstream of a model placed on either of the turntables in order
to match the terrain contours at the edge of the model.

Various rough grounds are used depending on the scale of the model
and the upwind terrain. The latter may change as the wind direction is
changed; for example, a building located near a shore line will require an
over-water approach for on-shore winds and perhaps a suburban approach for
other wind directions. Close to the actual model under test, greater detail
is incorporated. For example, a city building will be surrounded by several
blocks of accurately modeled city.

3.2 INSTRUMENTAT ION

The primary measurements made in this program were the three compo-
nents (vertical, longitudinal, and lateral) of the mean velocity at numerous
locations above the ramp and test stand of the TRESTLE model. This was ac-
complished through the use of a specialized three-sensor hot-film probe in
conjunction with three Calspan-manufactured constant temperature anemometers
and associated electronics. The specialized probe (TSI Model No. 125.1CC-20-18)
was made by Thermo Systems Inc., St. Paul, Minnesota. The shaft of the probe
is vertical with the sensing elements oriented for use with flows which are
primarily horizontal. A sketch of the probe configuration is shown in

Figure 3. The output voltages from the three anemometers were digitized
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simultaneously by three A/D converters and analyzed on-line by a Hewlett-
Packard 9825A minicomputer. Four hundred sets of three digitized samples
were used for -ach calculation of velocity components. A Hewlett-Packard
9862A plotter was used to plot the reduced data. Details of the hot-film
anemometer calibration and data reduction are presented in Appendix A.

In use, the hot-film probe was mounted in the ASF traverse system to
position the probe tip at any desired location. Lateral and vertical lcca-
tions were indicated by counters on *the traverse mechanism. Axial location
was indicated by a pointer mounted on the traverse system and a tape measure
fixed to the windows of the ASF. Parallax in the tape measure and pointer
system was less than 1/32 of an inch (about 1.25 feet in full-scale).

The reference velocity, U, , was measured in the approximately uniform
flow 4 feet above the ground just upstream of the model. A standard pitot-
static probe connected to an inclined micro-manometer was used for this pur-
pose.

Smoke for flow visualization was generated by passing a small amount
of nitrogen through a flask containing Titanium Tetrachloride. This produced
a dense white smoke which was observed visually and alsoc photographed.




4. MODEL DESIGN AND CONSTRUCTON

In general, it is desirable to select a mcdel to prototype scale
ratio which will allow both the TRESTLE facility and the local terrain to fit
on the BB-inch turntable in the ASF. The upstream approach over which the
flow is developed is then modeled approximately with random roughness elements
of the proper mean height. Such a procedure allows variation of the wind di-
rection by rotating the mechanized turntable, The specifications for the
model tests required that ali significant upwind terrain effects for a distance
of not less than 2000 feet from the center of the site be included in the
tests. Modeling a radius of 2000 feet would have required a scale ratio of
1:540 or 1-inch equals 45 feet. However, it was possible to model all sig-
nificant terrain effects by using a scale ratio of 1:480 {l-inch = 40 feet)
and designing the model with the turntable center slightly to the west of the
center of the TRESTLE site. Colncidence of the site center and the turntable
center is not a necessity and we have often used offsets to allow use of the
largest possible model, Thus, the model was fahricated at a scale ratio of
1:480, A plan view of the area modeled is presented in Figure 4. The area
includes the horizontal simulator which is *he focus of this test program,
the existing excavation for the vertical simulator, and the major features of
the ARES site. The model is shown in Figure 2 installed on the turntable in
the ASF.

The terrain model was made from plywood sheets laminated together to
p-ovide elevation contours every ten feet except in the inmediate vicinity of
the TRESTLE horizontal simulator. In this region, the excavation and land-
scaping were held as close to the drawing dimensions as possible. Contour
maps at the proper scale were made by photographically enlarging the appro-
priate sections of the drawings supplied by the government. The photographic
Tesults were then teproduced on Bruning Copiers. The inexpensive Bruning
copies were used to lay out the complete terrain model, Moreover, before
the model was painted, the copies also provided outlines for accurately lo-
cating the elements of the TRESTLE model and other structures in the vicinity,
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Modeling of the ground elevations incurred changes in height at the
edge of the turntable which made it necessary to provide a smooth junction
between the upstream edge of the turntable and the ground upstream of the
turntable. This was accomplished by mounting the upstream grcund on an ad-
justable ramp frame which can be warped to match the edge of the turntable.
An example of this can be seen in Figure 2, where the ramp has been adjusted
to provide a good match between the upstream ground and the front edge of the
tuintable. For other orientations of the turntable, the ramp was readjusted
to provide a similar match, It was not necessary to match the downstream
edge of the turrtable with the ASF flooring since a moderate .isu-atinuity
at this location will not affect the flow behavior in the vicinity of the
TRESTLE model.

In addition to the excavation in the terrain model, the TRESTLE
facility model contains three othar major features which were modeled. These
are:

1. The test platform and ramp and their support structure.
2. The transmission line support cables and support tower.

3. The central ground plane wedge structure.

The above items are shown in Figure 5. The support structures, the transmis-
sion lines, and the ground plane wedge are all porous mesh-type structures,
Because of tne small scale of the model, it was neither practical nor correct
to use exact geometric modeling of thuse elements. Instead, the geometric
outlines of these structures and the 1nss characteristics of the {low passing
through them were modeled. The loss characteristics of the full-scale porous
structures were estimated from their mes) geometry (mainly their porosity).
The support structure under the ramp and test stand was modeled with expanded
aluminum mesh with a porosity very close to the porosity of the full-scale
wooden frame support structure (bents). The model mesh was assembled in a
three-dimensional array similar to the actual structure. (See Figure S and
the close-up view in Figure 6.) The full-scale wire mesh structure on the
transmission lines has a porosity close to 99 percent. This is completely
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transparent to the wind. Thus, only the support cables on the transmission
lines were modeled. Similarly, on the central ground plane wedge the
majority of the full-scale wire mesh is about 99 percent porous and was not
modeled, Instead, the support structure for the wedge was modeled along with
any solid blockages and the lower porosity (4" x 4") sections of full-scale
wire mesh.

As described in Section 3.1 and at the start of this section, the
flow approaching the turntable model is developed over a length of ground
covered with random roughness elements of the proper mean height. The full-
scale appreoach to the TRESTLE facility is relatively flat and unobstructed
for a mile or more in all wind directions. The city of Albuquerque lies
farther away to the North, with mountains even farther away to the East,
running North-South. The local wind characteristics in the immediate
vicinity of the TRESTLE facility will not be measurablv affected by the
mountains. Moreover, Albuquerque should have a negligible effect on the
local flow characteristics since the low altitude winds adjust rapidly to
changes in the terrain roughness. In the model, the approaching flow was
generated bv allowing it to develop over a 36 foot length of randomly dis-
tributed wooden blocks followed by 12 feet of gravel. Mean velocity profiles
for each of these roughness distributions when used alone are shown in Figure 7,
The combination of the two rough grounds provided a mean velocity profile
similar to that obtained with the gravel alone (Figure 7). Such a profile is

tyvpical of relatively flat open country.
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5. WIND TUNNEL TESTS

The wind tunnel tests are presented in five parts. Mean velocity
profiles measured at the location of the meteorological station on the model
are presented in 5.1. Flow visualization studies are discussed in 5.2.
Section 5.3 presents the results of a study to investigate the effect of the
transmission line support cables on the flow over the ramp and test stand. A
comparison of dimensionless velocity profiles measured with two different
reference wind velocities is presented in 5.4. Finally, the wind velocities
measured above the TRESTLE model test stand and ramp are presented in 5.5.

5.1 WIND CONDITLIONS AT METEOROLOGICAL TOWER

One of the problems encountered in interpreting model test data, or
for that matter full scale data, is the selection of a location for measuring
the mean wind velocity. In full scale these are usually measured at meteoro-
logical stations which may be remote from the area of interest. Moreover,
the anemometers are located at low altitudes, typically about 100 feet or
less above local ground level. The measured wind velocities can be influenced
by the local terrain as well as the height above ground. In the ASF, the pos-
sibility of local terrain influences on the reference wind velocity is avoided
by selecting a measuring location well above the terrain, in this case at a
model height of 4 feet or an effective full scale height of 1920 feet above
the ground. However, this reference velocity is still required to have a
knewn relationship with some full-scale meteorological station. Such a re-
lationship can be found from mean velocity profiles measured above the model.

A full-scale meteorological tower for monitoring winds near the
TRESTLE facility will be located in a relatively flat area almost due north
of the facility test stand. The winds will be measured at a height of 10
meters above local ground level. In the model tests, velocity profiles were
measured at the approximate location of this tower. The location on the model
is shown in Figure 4. Velocity profiles were measured for six different wind

directions, three with the meteorological station located upwind of the test
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stand (335, 005, and 035 degrees) and three with the station located downwind
(155, 185, and 215 degrees). The results of these measurements are shown

in Figures 8 and 9. The velocities shown in these figures have been made
dimensionless by dividing by the reference velocity, Uw , measured at a

model height of four feet.

With the meteorological station upwind (Figure 8), the velocity pro-
files are similar for wind directions of 5 degrees and 35 degrees. The ve- -
locities measured for a wind direction of 335 degrees are slightly lower at
all heights, The latter result may be caused by proximity of the wind tunnel
wall because in this case the meteorological station was closer to the tunnel
Tear side wall than for any of the other wind directions. With the meteoro-
logical station downwind of the TRESTLE model (Figure 9), the three velocity
profiles are similar at model heights above about 3 inches. Below this height,
the three profiles differ because of direction sensitive terrain differences
just upwind of the measuring station. The highest velocities near the ground
were obtained for a wind direction of 155 degrees. With this wind direction,
the ARES Site (Figure 4) is just upwind of the measuring station and the
terrain is very rough before it levels out. Apparently this rough local ter-

rains distorts the velocity profile near the ground.

A full-scale height of 10 meters is shown on Figures 8 and 9. As

mentioned previously, this is the height at which it is planned to monitor
the full-scale wind velocities. For wind directions of 005, 035, and 185
degrees the velocity at this height is 0.55 times the tunnel reference velocity,
U, . For wind directions of 155, 215 and 335 degrees the velocity ratios
at 10 meters full-scale are approximately 0.62, 0.60, and 0.51 respectively.

It was not possible to measure the velocity ratios at 10 meters for other wind
directions becauce the location of the meteorological station was too close

to the wind tunnel walls., However, it is believed that the observed range of
values 0.55 to 0.62 (the measured value 0.51 is discounted because of possible

wall proximity effects) is representative of the full-scale wind velocity that
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will be measured at a height of 10 meters for all wind directions. In view
of this, it was decided to choose a single value of Gq/q.at the 10 meter
height which would provide a conservative representation of the full-scale
winds from any direction. The value selected for this quantity was 0.58§,
thus the velocity duta measured for use in the subsequent aircraft force
analysis were nondimensionalized by a reference velocity Upge Biven by

Ueee = 0-55 Uy

vhere U, is the velocity calculated from the pitot-static pressure measured

at a height of 4 feet above the model. Selecting the lowest reliable value for
for G/U, at 10 meters has the effect of making the measured velocities about
the TRESTLE platform appear slightly larger than they really are for those

wind directions where G/U, at 10 meters is larger than 0.55. Thus for these
wind directions, the force estimates will indicate unsafe handling at a

lower reference velocity than the 10 meter value at which it will actually
occur.

5.2 FLOW V1SUALIZATION STUDIES

A flow visualization study was made at the start of the model tests.
As noted in Section 3.2, the smoke was generated by passing nitrogen through
flasks containing small amounts of Titanium Tetrachloride. The mixtures were
then piped to various locations on the model and the resulting smoke plumes
were observed visually and also photographed. Although some visual observa-
tions of the smoke from a single hand-held wand were made, the majority of
the study was performed with an arrangement of twelve smal: aiameter tubes
inserted through the base of the model and outlining the model ramp and test
stand. The tubes could be moved up or down to place their exits above or
below the top surface of the ramp and test stand. Side view and overhead
view photographs of the smoke plumes were taken for twelve wind directions

with the tubes at several heighis for each wind direction. In all, more than

300 photographs were taken.
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Since the flow in the ASF is turbulent as in full-sczle winds, the
smoke plumes do not behave in the same fashion as in aeronautical tunnels
where the plumes provide a good picture of the general flow pattern. Instead,
the plumes fluctuate in time and diffuse rapidly after they leave the tube
exits, Photographing such plumes requires very good lighting and a relatively
fast shutter speed. Typical results are shown in Figures 10, and 11 where
enlarged photographs are presented for the smoke plumes obtained with the
wind approaching from 35 degrees and 65 degrees respectively. In Figure 10
the smoke tube exits are ‘level with the top of the TRESTLE platform and in
Figure 11 they are 1/2 inch (20 feet in full scale) above the top of the plat-
form. The lack of definition in the smoke plumes is the result of a compromise
between shutter speed and available lighting.

Photographic results from the csmoke flow visualization studies are
presented in Figures 12 through 23 for all wind directions. In these photo-
graphs the smoke tube exits were level with the upper surface of the TRESTLE
model platform, Each figure has two photographs, an overhead view and a side
view. The wind is approaching from the left in all photographs. In most
cases, an array of 6 smoke tubes on the upwind side of the TRESTLE ramp and
platform was used in the photographs. In these cases only one set of photo-
graphs {overhead and side views) is presented for each wind direction. For
two wind directions, 155 and 335 degrees (Figures 17 (a, b, ¢} and 23 (a, b,
¢)), the wind was parallel to the TRESTLE model ramp. In these cases, three
sets of photographs are presented; one with the two upstream smoke tubes
operating (Figures 17{a) and 23{a)). one with two of the midstream tubes
operating (Figures 17{(b) and 23(b}), and one with the two downstream tubes
operating (Figures 17{¢) and 23{c}).

In all of the smoke pictures, the nitrogen flow in the smoke tubes
was adjusted to the lowest level which would still give a satisfactory amount
of smoke. This was done to minimize the effect of the initial vertical mo-
mentum at the smoke tube exits. It is believed that initial momentum effects
are negligible in most of the photographs. For example, see the enlarged
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(a) UPSTREAM SMOKE TUBES
Figure 17. TRESTLE Model Smoke Studies, 155 Degrees Wind
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Figure 17 fent.;  TRESTLE Mouel Smoke Studies, 155 Nearees Wind




(c} DOWNSTREAM SMOKE TUBES

Figure 17 {Cont.) TRESTLE Model Smoke Studies, 155 Degrees Wind
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Figure 19. TRESTLE Model Smoke Studics, 215 Pegrees Wind
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(a} UPSTREAM SMOKE TUBES

Figure 23. TRESTLE Model Smoke Studies, 335 Degrees Wind
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photograph in Figure 10 where the smoks tube exits were raised above the level
of the TRESTLE plattorm. There appears to be a negllgible amount of vertical
rise at the tube oxlts, Thus those photographs which show a substantial ver-
tlcal component at the tube exits indicate the true flow direction at the
inatant that the photograph was taken. It is worth noting that the smoke
plumes weve yuite unsteady in time and the instantaneous photographs provide
only a rough idea ot the average flow direction whereas the long time intcr-
vals used in the quantitative velocity measurements provide true averages of

the velovity components,

Overall inspection of the photographic results presented in Figures
12 through 23 allow a few general observations to be made. The overhead views
show that lateral deviations from the mean flow direction are relatively small
in all cases, The side views show that there is frequently a substantial
upwash just upwind of the TRESTLE ramp and test stand and a downwash which be-
gins after the flow has partially crossed the ramp or test stand. Relatively
large values of upwash and downwash are evident in the side view of Figure 1.
The smoke tube in the foreground shows a large upwash component while the tube
at the juncture between the ramp and test stand shows an initial upwash fo!lowed
by a large downwash pavtway across the camp. Visual observations for this
wind Jdirection {2°% degrees) and for a wind direction of 35 degrees showed
there wat an intermittent vortex which formed close to the platform surface
in the region near the juncture between the ramp and test stand. Since this
comdltlon occurred only occasionally it was very diftficult to photograph.
Figuyre 21 is the closest wo vaie to capturiug this phenvmenon on {ilm, With
the flow parallel to the ramp (155 and 335 degrees), there was very little
evidence of consistent directional changes from the mean wind, There Jid
appear to be a fairlv steady upwash near the juncture between the ramp and
Jdownstream edge of the excavation for a wind direction of 155 degrees. This
can be seen in the side vier of Flgure 17(c¢c). The apparent upwash in
Figure 17(b) is an instantaneous result generated in the turbulent wake from
the ground pla.- .edge structure. The flow in this region was generally
quite turbulent and the average velocity was low., The high level of turbulence
is Indicated by the rapid diftfusion of the smoke plumes, especially apparent
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in the overhead view of Figure 17(b). In contrast, the overhead view in

Figure 17(c) shows much less diffusion of the smoke plumes.

The smoke visualization study showed that there was considerable
variation in the flow aver the TRESTLE platform with the largest deviations
from the mean flow occurring near the upstream edges of the ramp and test
stand and additional deviations occurring near the juncture between the ramp
and excavation for southerly winds. A grid of test points for the velocity
survevs was selected with these flow features in mind. The grid arrangement
is presented in Figure 24 superimposed on an outline of the TRESTLE platform.
In selecting the grid pattern there were two other requirements to consider
in addition to the smoke visualization results. First, a regularly spaced
grid pattern was required to facilitate rapid location changes of the hot-film
probe and ease of interpolating the test results. Second, the number of
grid points should be minimized to keep the test program within reasonable
limits. The final pattern selected contained 58 points at which vertical
surveys of the velocity were made. The survey points are identified in the
following discussions in terms of their full-scale coordinates in the TRESTLE

coordinate system. Th- coordinate system is indicated in Figure 24.

5.3 EFFECT OF TRANSMISSION LINE SUPPORT CABLES

After selecting the grid pattern to be used in the velocity surveys
above the TRESTLE platform, it was determined that the transmission line sup-
port cables would interfere with the hot-film probe at a number of the test
points on the grid. Thus it was decided to perform a brief study to see if
the support cables had a significant influence on the flow in the region of
the planned measurements. The study consisted of measuring velocity profiles
at several locations downwind of the support cables and then removing the
cables and repeating the velocity surveys. A wind direction of 305 degrees
was used for this study and the velocity surveys were made at three locations
on the test grid shown in Figure 24. The (X, Y) coordinates of these loca-
tions were (-64, 0), (22, -50), and (280, -100). It is believed that the
wind direction and test locations chosen for this study represent a worst case

for flow distortion from the support cables,
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The results of the study are shown in Figures 25, 26 and 27. Each
figure shows two velocity profiles, one measured with the support cables
present and one with the cables removed for a given grid location. The
measured velocities have been nondimensionalized by dividing by the wind
tunnel reference velocity, Uy . The figures also show a dashed line to
indicate a full-scale height of 66 feet above the TRESTLE platform. This

is the maximum height of interest for the subsequent flow surveys to deter-
mine the forces on aircraft.

Inspection of Figures 25 and 26 shows that there is a measurable
velocity defect in the wake from the support cables. As expected, the largest
defect is in the region where the cables are closest together (Figure 25).
However, in these two figures the defect occurs at or above the 66 foot level.
The dats in Figure 27 indicate a slightly lower velocity with the cables
present over a height range from 0 to above 400 feet full-scale. It is un-
likely that the apparent velocity defect is due solely to the transmission
line support cables since they have a high porosity in this region and only
extend to a maximum full-scale height of about 140 feet above the platform.
Some of the apparent velocity defect may be due to experimental accuracy
which is expected to be within approximately S percent for the hot-film
measurements. 1ln any event, the data in Figures 2S through 27 show that the
effect of the support cables is not large and in all cases creates a uefect
in velocity. Thus, it was decided to remove the support cables for th: re-
mainder of the tests so that the velocity surveys could be made at all of
the selected grid points.

5.4 TESTS W1TH D1FFERENT WIND VELOCITI1ES

As stated in Section 2, it is only necessary to measure the flow
field for one value of the reference velocity, UREF' The dimensionless ve-
lo~ity profiles will be independent of the magnitude of the reference ve-
locity. The independence of the dimensionless velocity profiles is illustrated
in Figures 28 and 29. Figure 28 compares dimensionless axial velocity pro-

files for two values of Urer (10.0 and 19.4 ft/sec) at a location upstream )
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of the ramp with the wind approaching perpendicular to the ramp centerline.
Figure 29 compares similar axial velocity profiles measured just downstreanm
of the ramp. Both figures also contain a short table of dimensionless lateral
and vertical velocity components measured at the same time as the axial
components,

The portion of the axial velocity profiles above the platform sur-
face show excellent agreement (to within 5 percent or better). Below the plat-
form surface, the axial velocity profiles display a small but consistent

difference. In this region, the profiles measured with U = 19.4 feet per

second show dimensionless velocities which are about 10 piiient higher than
those measured with UREF = 10.0 feet per second. This may be evidence of a
small Reynolds number effect on the flow through the porous understructure
of the ramp. At low velocities, the drag coefficient of the porous structure
will increase as the velocity decreases. Thus one would expect the dimen-
sionless profiles to display the trend which is shown by the data. However,
the effect is not large and does not appear to influence the data in the re-
gion of interest, namely the velocity profiles measured above the ramp sur-
face. The tabulated results for the lateral and vertical velocity components

REF" The
was 0.04 and most of

show that these components are also independert of the value of U

REF °F "/Upgr
the data agreed to within better than this value. 5uch results are within

largest difference observed in either V/U

the accuracy of the hot-film measurements. Thus it is concluded that velocity
surveys measured at a single valuc of UREF will be representative of all

wind velocities. The value of UREF selected to be used for the major portion
of the flow field surveys was approximately 19.5 feet per second or a tunnel
refer-nce velocity U, * 35.5 feet per second (S5ee Section 5.1).

5.5 WIND PATTERNS ABOVE TRESTLE TEST STAND AND RAMP

Following the flow visualization studies and preliminary velocity
surveys, quantitative measurements of the mean velocity components were made
for each of twelve wind directions. Since the major axis of the ramp on the

TRESTLE facility lies parallel to a direction 25 degrees from north (i.e.,
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335 degrees), the twelve wind directions tested were 335, 005, 035, 06§,

095, 125, 155, 185, 215, 245, 275, and 305 degrees. For each wind direction,
vertical traverses were made at the 58 grid points shown in Figure 24. Each
traverse consisted of measuring the longitudinal, U, lateral, Y, and vertical,
W, mean velocity components at five different heights. The heights used for
each traverse were 0.25, 0.45, 0.75, 1.15, and 1.65 inches above the surface
of the TRESTLE model platform. This corresponds to full-scale heights of

10, 18,30, 46, and 66 feet. The lowest height was governed by the minimum
safe distance that the hot-film probe could approach the TRESTLE model plat-
form. The maximum height (66 feet or 20.1 meters full-scale) was chosen to
correspond to the 20 meter height called for in the specifications for this
program.

The mean velocity components were measured in a wind-axis or tunnel
axis coordinate system. A sample of the rosults is shown in Figure 30, a
through e, for a wind direction of 275 degrees. Each part of this figure (a
through e¢) shows the velocities measured at a different height, I, above
the test stand and ramp surface. The wind direction is listed numerically
and also shown by an arrow at the bottom of the page. The mean velocities
at each station are listed in a vertical column with three numbers. The

" numbers are in order from the top, the mean horizontal component, U, in the

wind direction (positive in the direction of the arrow), the mean horizontal
component, V, perpendicular to the wind direction (positive to the left when
looking in the direction of the arrow), and the mean vertical component, W,
fpositive upward<), Fach component has been normalized by the mean wind
velocity, UREF' at the meteorological station at a height 10 meters above
local ground level. A complete set of data for all wind directions is pre-
sented in Appendix B.

The velocity components shown in Figure 30 canbe compared to the flow
visualization results presented in Section 5.2 and Figure 21 for this wind
direction. The flow visualization study indicated that there was an upwash
just upwind of the TRESTLE ramp and test stand and a downwash after the flow

has partially crossed the ramp or test stand. The downwash was most evident
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at low heights near the juncture between the ramp and test stand. Inspection
of Figure 30 provides similar results on a numerical basis. There is a gen-
eral upwash field upwind of the ramp and test stand which intensifies as the
ramp or test stand is approached. Moreover, there is a downwash field at

low heights after the upstream edge of the platform has been traversed by

the flow. The largest downwash occurs at a height of 10 feet (Figure 30(a))
in the vicinity of the juncture between the ramp and test stand. There were
other similarities between the smoke pictures and the numerical results.

For instance, with a wind direction of 155 degrees, the numerical data con-
firmed the presence of an upwash near the juncture between the ramp and

downstream edge of the excavation.

In addition to similarities between the smoke and quantitative re-
sults, the latter provided information not apparent from the smoke studies.
One such result is the acceleration of the flow as it crosses the ramp and
test stand. This is most apparent in Figures 30, b through e where the nor-
malized longitudinal, U, component of velocity increased by as much as 20

percent as it crossed the ramp centerline., Similar accelerations were ob-

served for other wind directions with the flow approaching from either side
of the ramp centerline, Such accelerations are important in determining the
side forces on the tail and fuselage of aircraft situated on the ramp and
test stand. Moreover, the unsymmetrical upwash and downwash fields play a

major role in determining rolling moments on the aircraft.

As noted in the next section, thc mean velucity cumponents measured
in the wind axis coordinate system were converted to components (Ux’ Uv, u))
parallel to the TRESTLE axis system (X, Y, I} shown in Figure 24, A set of

cross¥low  velocity vectors, Uy.:, were prepared to aid in visualizing the
flow field above the TRESTLE platform. A sample of computer plots of these
vectors is presented in Figure 31 for a wind direction of 275 degrees. A
complete set of crossflow plots for all wind directions is presented in

Appendix C.
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In Figure 31 (and Appendix C., .uach vector U is composed of the

lateral wind velocity, Uy' and the vertical wind velozi:y, Uz' The axial
wind component, Ux' along the TRESTLE axis is not shown in these plots.

Figure 31 contains 10 different plots showing the velecity vectors in vertical
planes at the ten axial, (X), locations which were tested. The appropriate
vertical cross-section of the test stand, ramp, or local ground contour is
shown schematically below each plot. The wind direction (275 degrees) is
listed on each paye of Figure 31 and is also shown schematically beside each
of the ten vertical planes. All velocity vectors have been normalized by the
1

10 meter reference velocity, U A velocity scale showing U /U

REF’ y.z' “REF ~
is provided on each page of Figure 31.

Figure 31 displays visually the upwash and downwash fields noted in
the discussion of Figure 30. The vector plot for X = 366 feet is at the
measuring location closest to the juncture between the ramp and test stand.
For this value of X, note the gradually increasing upwash at low levels as
the wind approaches the ramp followed by a relatively large downwash over
the ramp centerline a. I = 10 feet. There is also a small downwash at Z = 10
feet after the flow has crossed the ramp. At the upstream edge of the test
stand (X = 452 and 538 feet, Y = -100 feet) there is a very large upwash right
at the test stand edge followed by a downwash at Y = -50 feet. It is believed
that the results obtained at the upstream edge of the test stand indicate the
presence of a bubble of separated flow at the edge of the ramp which reat-
taches a short distance downwind. Similar results were obtained for most of
the other cross-wind vcctor plots {See Appendix C) when the wind was not

parallel to the ramp ~enterline.

A general inspection of all the cross-wind vector plots showed that
the cross-wind flows were highly nonuniform for wind directions which were
not parallel to the ramp centerline. These nonuniform flow results were used
in the computer program to predict the forces on aircraft situated on the ramp
and test stand of the TRESTLE facility. In addition, the velocity data indi-
cated the presence of nonuniform flows over the access road at the entry end

of the TRESTLE ramp. Thus the forces on aircraft situated on this access road
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were included in the computer force analysis. The aircraft force analysis

and its results are presented in the next section.




6.

AIRCRAFT FORCE ANALYSIS

6.1 GENERAL DESCRIPTION

Aircraft being towed onto and tested on the TRESTLE facilitv are
subject to a variety of unconventional wind loads. It was considered unlikely
that lift-off would occur since this would require wind velocities approaching
take-off speed of the aircraft (generally in excess of 100 knots). However
it was considered possible that the wind might produce forces that could not
be completely reacted by the aircraft landing gear or towing vehicle. This
situation could cause sliding, tilting or weather-vaning motions of the air-
craft and result in damage to either the aircraft or TRESTLE facilitv.

Y computer program was developed to determine the reactions between
the aircraft landing gear and the TRESTLE facility for various wind conditions
and various aircraft positions on the facility. The aircraft are considered
stationary on the facility and the analyvsis used is steady state in the sense
that dynamic effects that might be imposed by runway roughness or high frequen-
cy wind turbulence have not been considered. The program is essentially
broken into two parts. The first part of the program takes the wind velocity
field as measured in the wind tunnel tests and uses a strip theory approach
to estimate the aerodynamic forces and moments acting upon the aircraft. In
the second portion of the program these aerodynamic forces and moments are
used as inputs to a statics problem and the required reactions between the
landing gear and the facility are determined. The computer program was de-
signed to handle the three aircraft of primary interest in this study; namely
the E~-3, E-4 and B-52. However, the computer program is sufficiently general
that it will handle a number of other aircraft that are of the same generic
shape as those mentioned. (Only the appropriate aircraft geometry is needed
as input).

The minimum wind speed at which a gear slips or tends to lift at

any position on the ramp has been taken as the maximum safe wind speed for




operating the aircraft on the ramp for a given wind direction. It was found
that under the conditions investigated the axial force on the aircraft never
exceeded the capabilities of the towing tugs. It may be possible for one gear
to slide or 1ift and no motion of the aircraft result because the remaining
gears can take up the load without sliding or lifting. However these possi-
bilities have not been analvzed. It was felt that basing the safe criteria

on the lifting or slipping of a single gear provides a conservative estimate
of the safe operating speed.

The remainder of this section will describe the two portions of
this program in more detail.

6.2 AERODYNAMIC FORCES AND MOMENTS

An aerodynamic strip theory approach was chosen as the most practical

approach to handle the non-uniform flow and large angles of side slip and
angles of attack that are presented to an aircraft sitting on the TRESTLE

facility. The analysis is refined to the extent that the major geometrical
features of the aircraft such as wing planform area and sweep may be distin-
guished, but minor geometrical features such as the specific airfoil section
of the wing are not distinguishable, A quasi-two-dimensional strip theory

was used wierein the flow over an aircraft geometrical component was broken
into components normal to and parallel to the major axis of each component.
For the flow normal to each component, the aerodynamic forces upon an elemental
strip or slice of the compencnt is assumed to De that force that acts upon an
infinite cylinder of the same cross-sectional shape as the slice, and wnich

is immersed in a stream with the local properties as measured in the wind tun-
nel tests. These slices are taken perpendicular to the major axis of each
compenent such as the fuselage longitudinal axis or the wing quarter chord
line. The sectional forces were taken from two-dimensional experimental data.
For the flow along the major axis of each component, slender-wing or slender-
body theory was used, as appropriate, to estimate the forces. The forces on a
compcnent were then due to both the flow normal to and parallel to its major
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axis. Integration of these forces over all the aircraft components and proper
resolution of these forces lead to an estimate of the total forces and moments

on each aircrafe.

The major components of the aircraft considered in this analysis
were the fuselage, wings, vertica! tail, hori:zontal tail and the radome pod
and its supporting strut fo. the E-3 aircraft. The engi .es and their nacelles
were not considered in the analysis. Each of the major aircraft components
will be discussed in more detail subsequently, but first the various
axis systems used in the analysis will be discussed.

There are two axis systems emploved in the analysis. The first axis
system used is the wind tunnel axis system. All of the wind velocity data
measured in the wind tunnel were recorded in this system. This svstum has
been discussed previously in this report. The second axis system used is the
TRESTLE axis system., This axis system is fixed to the facility and is de-
picted in the following sketch:
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The I axis is positive iz the upward direction. The forces on the aircraft
are resolved parallel to these X,Y,Z axes. The rolling moments on the air-
craft are calculated with respect to the fuselage center line. The pitching'
and yawing moments are calculated with respect to the nose vf the aircraft.
The sign convention for forces and moments on the aircraft are, however, cho-

sen with respect to the aircraft according to the following rules:
® A positive axial force points towards the nose of the aircraft,
® A positive normal force points upwards.
® A positive Side force points out the left wing.
® A positive rolling moment tends to depress the right wing.
® A positive yawing moment tends to move the right wing back.
® A positive pitching moment tends to raise the tail.

The velocity measurements in the wind tunnel axis system are nor-
malized by the reference velocity taken at the 10 meter height on the mete-
orological tower., The data at the five heights and fiftv-eight stations are
then resolved into the TRESTLE axis system and stored in the program once and
for all. Linear interpolation is used to obtain the velocity at the local
stations required on the aircrafe.

For ease of analysis the fuselage was broken into three segments.
It was assumed that the fuselage could be divided into a nose section, a
cylindrical mid section and an afterbody section. Each section is assumed
to be circular in cross sectional shape and the nose and afterbody are also
assumed to be half an ellipsoid of revolution. The length of each fuselage
section for a particular airplane is chosen by inspecting the three view
drawings of the aircraft, Each portion of the fuselage is assumed to see a

uniform flow under the conditions that exist at the centroid of each portion,
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The normal force and side force ¢n the nose and afterbody are assumed to be

composed of two components. The tfirst is a potential flow part that s
estimated trom slender body theory as 2 sino coso Sq where S is the cross-
sectional area of the body, o the local angle of attack and q is the dynamic
pressure. The values used for q and o are those that exist at the centroid
of each component. This force is only applied when the component sees a

head wind. That is for the conventional case when the fuselage nose is pointed
into the wind, the nose would experience this force but the afterbody would
not. The second component of force experienced by each fuselage component

is the cros: flow drag force and is equal to Cp_ g, A,. Here A is the side
areaz of the component in the direction under consideration, 4, is the dynamic
pressure based upon the velocity normal to the component and CD is the cross
flow drag coefficient taken to be equal to 1.2 for the present C calculations,
This is essentially the drag coefficient for a circular cylinder. For pur-
poses of calculating moments the suices are assumed to act at the centroid of
each fuselage component. The fuselage also experiences an axial force due to
the component of flow along the axis. This force has been estimated using

an empirical expression given in Reference 7

Lo, 25 21
’{Sd V770 BT 77}y } 1a A

Where FA 15 the axial force, L is the iuselage length, d the fuselage diameter,
. the dynamic pressure based upon the axial velocity component, AF is the
maximum cross section area of the fuselage and CF is the skin friction coef-

ficient taken as ,003 for the present work,

Each wing is divided into three panels. The velocity at the centroid
of each panel is resolvad into components perpendicular and parallel to the
quarter chord of the wing. For the two inboard panels on each wing the flow

normal to the quurter chord is assumed to be two dimensional. The angle of

7. Hoerner, S.F, Fluid Dynamic DPrag Published by the author 1965




attack of each panel is calculated from the velocity normal to the leading
edge and the I compounent of veloeity at the centroid of each panel. The liftt
coefficient und Jdrag coefficient of each panel 13 then taken to bs that ot an
NACA Q012 airfoll as given in Reference 8. This alrtoll section was used
since it 1° the only section that has heen tested through the complete angle
of attackh range and this airtoll 13 not too different trom those used cn the
actual aireraft. The 1ift coefficient and drag voetficient as a tunction of
angle of attack tor this airfoil have been bullt into the computer program.
The angle of attack for the wing tip panels ix calculated in the same tashion
a3z the other two panels, however the tip panel ix assumed to have an elliptic
load variation falling to no load at the tip. In addition to these yuazi-two
dimenzional forces the fiow normal to the gquarter chord line is assuned to
produce an induced drag. The induced drap i3 generated by the trailing vortex
svstem produced by the wing. In the model nsed the wing trails a Jdiscrete
vortex at the juncture of the wing panels and u continucus sheet frum the
elliptically toaded tips, The induced drag contribution uppropriate for this
model has been added to the forces on the wing, The forcex produced by the
flow normal to the quarter chord are assum>d to act at the guarter chord of
the wing when the normal flow iy from leading edge to trailing edge. When
the flow i3 from trailing edge to leading edpe the forces are assumed to avt
at the half chovd. This ussumption appears consistent with the woment Jdata
of Reference 8. When the wing tip ix pointing into the wind the wing will
appear tc have a very low aspect ratlo and a semi empirical slender wing
theary has been used to estimate the normal tforce on the wing Jdue to the span-
wise tlow. An average angle of attack tor the wing in the spuwise direction
{s calculated from the spanwizxe flow component and I component of veloclty at
the controid of each wing panel. The normal forve due to the spanwize flow

is estimated as

n R : - -
—-—2—-"'- A& (1 +H2unm0) g, R, where Ry is the wing aspect
8. Critzosx, C, Hevaon, H. and Boswinkle, R "Asrodynamic Characteristics

of NACA 0012 Adrfoil Section At Angles of Attach From 0°* to 180°%"
NACA TN 3Xol, Janary 1988




ratio viewed from the spanwise direction,® is the average angle of attack,

g is the dynamic pressure based upon the spanwise velocity component and Aw
is the wing area. The 1lift from the spanwise flow is neglected when the
fuselage is upstream of the wing under consideration as this would effectively

block the spanwise flow along the wing.

Each side of the horizontal tail is treated as a single panel. The
flow over each panel is broken into components normal to and parallel to the
quarter chord line of each panel. The spanwise flow on each panel is treated
as in the case for the wing. For the normal component of flow over each
panel the angle of attack is also computed as in the case for the wing and
the data for the NACA 0012 airfoil built into the program are used at this
angle of attack. However a finite aspect ratio correction as given in Ref-
erence 9 was applied to the lift and drag coefficients and is given by the

following expression

Cp = o
I =
Ry

ey

Cq: - CDO + nmf

Here Cy  1is the two dimensional 1lift coefficient, AR, is the aspect ratio as

viewed from normal to the quarter chord, and C, is the two dimensional drag

D
coefficient. 2

The vertical tail was treated as a half wing mounted on 2 reflection
plane. The wind tunnei tests showed that there was generally a very small
W component of velocity at the vertical tail centroid. Therefore this compo-
nent was neglected. The 1lift coefficient on the tail is calculated according

= : .9
to foilowing formula taken from Nicolai

9, Nicolai, L.M. Fundamentals of Aircraft Design METS Inc. Xenia,
Ohio, 1975

o
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where Cﬂo is the two dimensional lift coefficient (taken from NACA 0012

data), ARVT is the aspect ratio of the vertical tail and A _is the
sweep of the quarter chord line. The drag coefficient is

a
CL

C = C e ———
o o, T n ARVT

where CD is the two dimensional value.
[¢]

The E-3 aircraft has a large circular radome attached to the fuselage
by a pair of struts. For ease of analysis only a single strut on the fuselage
centerline is considered. This strut is treated as one of the wing panels
and is assumed to act in a strictly two dimensional fashion since it is end
plated by the fuselage and the radome, The radome is treated as a circular
planform wing. The local velocities for computing the forces on the radome
are taken as those at its center. The following expressions for lift and
drag coefficient for the pod were used:

CL = 1.8 am X (;ﬁ-zjdgﬁag) Cos o

¢, = 2Cp + Ctama

Here & is the angle calculated from the local velocities, and CF is the skin
friction coefficient. In the expression for Cz the constant 1.8 factor is
the theoretical 1i€t curve slope for the potential flow about a circular

planform wing as given in Reference 1C.

10. Thwaites, B. Editor Incompressible Aerodynamics Oxford Press
1960




A compilation of the required geometrical data, the aerodynamic force
and moment quantities calculated by the computer program and the symbol used
for each quantity are given in Appendix D.

6.3 STATICS PROBLEM

The aerodynamic forces and moments on the aircraft are used as inputs
to a statics problem. The statics problems for all of the aircraft are
statically indeterminate with different degrees of redundancies dependent
upon the number of landing gear. This fact has necessitated a separate
analysis for each aircraft depending upon the number of landing gears. The
principle of consistent deflections has been used to make the statics problems
determinate. In general it has been assumed that the landing gear can suprly
a normal or vertical force and a side force parallel to the axle of each
gear up to the frictional limit between the wheels and the ramp. A coefficient
of friction of 1.0 has been assumed. Since the aircraft will generally be
towed, only the gear which has a tug affixed can supply an axial force. This
gives a total of 7 unknowns in the problem for the E-3, 9 unknowns in the
problem for the B-S2 and 11 unknowns in the problem for the E-4. Since there
are only six equations available from requiring equilibrium of the total
forces and moments or the aircraft each problem is statically indeterminate.
The equations required to make the problem determinate in each case are ob-
tained by considering the elastic deflections of the aircraft and equating
these deflections to zero at the appropriate landing gear locations. In order
to calculate these elastic deflections the aircraft structure has been ide-
alized to conrist of beams with uniform structural properties. This assump-
tion allows the problem to be solved without detailed knowledge of the
structural stiffness of each aircraft. The analysis for each aircraft will
be discussed separately,.

For the case of the E-3 aircraft it is sufficient to consider the
fuselage as a beam supported by the landing gear. The main gear can supply
a vertical force, a lateral horizontal force and a resistance to rolling

moments. The nose gear can supply a vertical force , a lateral hori:contal
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force and an axial horizontal force since the tug will be affixed to it.
The nose gear also supplies a rolling moment proportional to its side force.

The beam with its reactive forces is depicted in the following sketch.

oy

-7 FUSELAGE ¢

The aerodynamic forces applied in the X, Y and 2 directions afe
designated as FXA, FYA and FZA respectively. The applied aérodynamic rolling
moment about the fuselage centerline is designated as MXA, the applied aero-
dynamic yawing moment about the nose is designated as MZA and the applied
aerodynamic pitching moment about the nose is designated as MYA.

Requiring the equilibrumm of forces in the X, Y and Z directions
respectively results in the following relations

FXR + NGX = ¢ ()
Fya + MGy + NGY = 0 (3)

FER - W + MGZ + NGZ = ¢ (6}
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where W is the aircraft weignt.,

Equilibrating the rolling moments about the fuse

lage centerline
results in

MXR + MGMx + NCMX a ¢ (")

where
NGMXx = (NGY)(EF)

and IF is the height of the fuselage centerline above the ramp.

Equilibrium of Pitching moments about the aircraft nose results in

MYA t MGE X165 FNGZ - XNG

W-XCS “NGX - EZF = o ()

Equilibrium of yawing moments about the aircraft nose results in

MEZR + NGY « XNG + MGY - X16 = ¢ (9
This system of six equations may

be solved directly for the six
unknowns NGX, NGY, NG

<, MGZ, MGY and MGMX.
three components of force hetwe
and NGZ b

This group contains the desired
en the nose gear and the ramp i.e., NGX, NGY
ut the forces between the miin geuar and the ramp are still undetermined.

The forces between the main gear and ramp have been determined by
idealizing the 1

landing gear, wing and fuselage carry through structure

as
em shown in the following sketch.

the bent probl
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Here A represents the left gear and B the right gear. The quanti-
ties HA and HB are the horizontal reactions at the left and right gear re-
spectively; VA and VB are the vertical reactions at the left gear and right
gear respectively. The quantities FV’ FH and Mx are related to the previously
found quantities by

3
]

MGMX
F, = MGz
F, = ~MGY

and
L, = 2716 Ly = LG

The supports at A and B are assumed pinned and all other joints
of the bent are assumed rigid. The members of the bent are all assumed to

have the same value of EI where E is the modulus of elasticity and I is the
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moment of inertia of the cross section of the beams. The hori:zontal and ve--
tical reactions at A and B may be solved by requiring equilibrium of the
total forces and moments on the bent and by requiring no deflection of point

A relative to point B. The results are

! L
VB - T’- {FV ?’ - [M,‘ + F" (EF'L}_ )] - F,‘ ' LZ} (10)
Ve = F, - Ve o
i 1 L, ! L2 L,
A = 2 3 3 Ll '2_-" [M,*FH(EF-LZ)] -EVR 1 +Fv-§-
T Lyt L,Lz
2 Fn"a f:'Li V"L’ !
+ Lz[ il s 3 AR AT PR) | | PE
Ha = -Hp - F, (13)

A gear lifts when the vertical reaction becomes negative and a gear

slides when
IHal | It
Va Ve

Now all of the required gear reactions for the E-3 can be calculated

frem the foregoing equations.

For the case of the B-52 the overall procedure for solving the prab-
lem is similar with the exception that one more relation must be developed
by considering the elastic deformation of the aircraft. The fuselage sup-
ported by the landing gear is again considered first. The beam representing
the fuselage with the reaction forces applied is shown in the following
sketch

EG
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However now NGMX, the reactive moment supplied by the front pair of
landing gear, is an unknown. This unkrown is determined by considering the
torsional deflection of the fuselage. It is assumed that both sets of landing
gear will not allow torsional rotation of the beam {fuselage). The torsional

loads on the fuselage are shown in the following sketch,

wiNG QUARTER
CHORD ™™=

Here LWQC is the distance of the wing quarter chord line at the wing root
from the nose and TW is the rolling moment applied to the fuselage bv the
wing (known from the aerodynamic portion of the analysis). The torsional
moments applied by the tail are not shown in this sketch since they are not
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required for the present purposes. Assuming that the second pair of main

gear does not allow torsional rotation and the fuselage has uniform structural
properties the angular rotation at the first set of gear 8,4 may be expressed
as

!
9,”6 x J—G{Tw(xzc S LW@RE) + NGMX(sz-xra.)}

where G is the shearing modulus and J is the polar moment of inertia of the
fuselage. Then if no rotation is alloweu at X1G we have

NGMX = - Tw (X2G - twac) (14

(x26 ~ x16)

Equilibrium of overall forces and moments on the fuselage result in a set of

six equations similar to the case for the E-3 namely:

FXA + NGXx = p (1)
FYAR + MGY + NGY = )
FZA -~ W + MGZ + NGE = a (i)
MXA + MGMX + NGMX « p (18)
MYAR + MGZE - X266 + NGZ -X16 - W X6 - NGX -ZF = p (1M

MEZA + NGY - -Xx16 + MGY - X2G6 = @ (20)

Equations (14) tirough (101 are solved for the seven unknowns NGMYX,
MGMX, NGX, MGY, NGY, MGZ, and NGZ. The reactions between the gear and the
ramp for each set of gears are found by idealizing the gear and carry through
Structure as a bent, similar to the case for the E-3 problem. The reactions
on the front two gear are found from Equations {10) through (13) with the
substitutions
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F = NG2

vy

M, = NGMX

Fu = -NGY

The reactions on the rear two gears are found from Equations (10)
through (131 with the substitutions

F, = MGz

M, = MGMX

x

Fy = - MGY

Now all of the required reactions on the B-52 gear are determined.

The statics problem for the E-4 is considerably more complicated
than those for the other two aircraft. The E-4 statics problem was initially
formulated along lines similar to the other two aircraft. However, this
analysis led to unreasonably low predictions for the maximum safe handling
speed. The reasons for this failure of the analysis wers traced to the
peculiar geometry of the E-4 gear and the method in which the structure was
idealized. The minimum safe handling speeds on the E-4 were subsequently
determined by replacing the actual 5 landing gear configuration of the air-
craft with an equivalent 3 gear configuration. For the sake of completeness

the original analysis will be developed along with its reasons for failing.

The E-4 statics problem requires that two more relations be developed
from considerations of the elastic deformation of the aircraft than were
necessary for the B-52 case. These relations were developed by considering
the bending of the fuselage in the horizontal and vertical planes. The re-
active forces and moments on the beam representing the fuselage are shown in
the tollowing sketch.
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Requiring equilibrium of the overall forces and moments results in
the following relations

FXAR + NGX = ¢ (21)
FYA + M2GY + MIGY + NGY = 0 (22
FZA + M2GE + MIGE + NG2 - W = 0 (23)
MXA + MIMX + Mima + NGMX = 2 (24

where
NGMX = NGY - Z2F

MYA + M2GZ-X2G + MIGZ  X1G + NGE - XNG
~NGX - ZF - W-XCG = 0 (25)

MZBAR + M2GY + X2G + M1GY - X1G + NGY - XNG 0 (26}

Thus far there are nine unknowns M1GZ, M2GZ, NGI, MZGY, MIGY, NGY,

NGX, MIMX and M2MX. Consideration of fuselage torsional deflection similar
g2
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to that for the B-52 case gives the following expression for MIMX.
MIMX = -~TW - NGY-ZF (%)

The preceding equations may now be solved directly for M2MX and NGX;
aleo, MIGZ and M2GZ may be found in terms of NGZ, and MIGY and NGY may be
found in terms of M2GY. NGZ is found by considering the bending of the
fuselage in the vertical plane. The bending has been calculated by an ap-
plication of Castigliano's Theorem. First the strain energy, U, , due to
vertical bending is calculated along the length of the fuselage according to

LF
! z

where M. is the vertical bending moment. Calculation of this integral re-
quires the distribution of the aerodynamic normal forces on the fuselage
plus the wing pitching moment and normal force transmitted to the fuselage
which are available from the aerodynamic analysis. Also the entire weight of
the aircraft is considered concentrated at the location of the center of
gravity. Since as previously noted M1GZ, and M2GZ may be expressed in terms
0of NGI the strain energy, U, , is functionally

y, = U, (nG2)
Now the vertical deflection of the fuselage, d} , at the nose gear is

§ = 1%

Y GINGE)

ana for no deflection, dL = 9 gives one of the required relations.

This deflection constraint results in the following cxprescion

N
NGZ = ﬁ
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where

N-N,+N1+N3+N4+N5+N‘_+N,+Na
To= TOD, + TD, + 7D, + 7O, + 7O, + To,
TO = & (A, -2,

H 3 5 a

TD, = (1+K,) [FAC5K(7,2,5) - FACSK(5,2,5))]

2
TD ='ﬁt[(,¢ —ay ~ .~ a0t ]
3 2 1 2 7 2
TD, = K2(1+K1) FACSK (7,5,5)
K, K
TO, = (2, - 4,

N = NL {Fncsscs,r,z) +(14K,) [FResk(7,1,5)
K. 2 2
- FACSK(5,1,5)] = St [(Ag- 40 - (8- 2]
F
N, = -FxA . %—(A.;-Ah)z- 5 (FXA - EF + WPM) {w, -8
2 2 2 -
~(Ay -4, + (“'Kz) [(4.,-K5) ~ (&g - Kg) ] -ZKG(A«, -4-7)}
N, = NFW {mcss(s,z,s) +(1+K,)[FACSK (7,3,5)

K
- FACSK (5,3,5)] - T“E(A.,-.a,a)z - (4,-43)"21}

N, = CCNF {Fncssu,z,43 +(1+K,) [FARCSK(7,4,5)
K, 2 2
- FACSK(5,4,5)] ~ 32 [(Ag- 4" ~ (4, -2)) ]]-
K

K
N = « w{(: +K,) FACKS (7,5,6) - =2 [(8y= 4,)"- (,o.,-,a.b)"]}
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FACSS (I,J,L)
FACSK (I, J, L)

FACKs (I, J,tL)

XNL
XNG
LWQC
XCCNF
X1G
XCG
X2G
XANF
LQRCT

LQcVv

1 1 2
7 {AI B Bl v (0'1‘41.)} (A= 2))

! ! a
3 {41- Ay g3 (2 K,_)} (&, -K)

! 1 2
¥ {AI- KJ-?(A&- A,L)} (&g - 2)
W:4, - FXA-ZF - MYA - 8 (W-FZA)

L5 = Ay

Ay - A,y

05'4-7

W-d, - FXA-2ZF - MYA - &5(W-F2AR)
bq = 2y
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-4,

- &
Ay = by

K = 4, + Ag K,

5
1+ ﬁ(z

K‘ - (r+K1)K$ t K, 2,

and where NL, WPM, NFW, CCNF and ANF are aerodvnamic forces or moments acting

upon the aircraft components and are defined in Appendix D.

Then after NGZ is known M1GZ and M2GZ are determined by

MIGE = K, + K NGZ

M2GZ = Kyt K, NG2

The process for solving for M2GY is similar to that for NGZ. The
bending of the fuselage in the horizontal plane is ccnsidered. The strain
energy due to bending in the horizontal plane, U, , is calculated according
to

LE
1 2

U ow =h

" 2EI_[(MBN(M) d 4

where MB is the horizental bending moment. This is essentially an expression
of the i form
U, = U, (M26Y)

and the horizontal deflection of the fuselage at X2G is

iy,

. d(mMacy)

Requiring 5; to be zero results in
af

M2GY =
8
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Tl+Tz+T3+T‘+T’fT‘fT7
B+ 8 ¢+ 83
SF {K,o FRACSS (5,1,2) - FRCSK(?7,1,11)

X
+ FACSK(S5,1,11) - -—i'f' ((o,,- 4,)2-(4,-4,)" ]}

~(2y - K, - Ku(“’w"d’v)}

WSF {K,o FACSS(5,2,3) - FACSK(7,3,11) + FACSK (5,3, 11)

K 2
2 A
- ...2'_ [(4,,-4-3) - (R -4y) ]}
CCSF {Km FRCS5(5,2,4) - FACSK(7,¢,1) + FACSK(S,4,11)
K; 2 2
= _2’—2 [(‘@10-44) - (4'1-44) ]}

8,

Kl

K::. 2
- ASF . —2'— (Ar’o".daa)

3
10
0 13 (0 ~4.) - FACsSK(7,2,1) + FRCSK(S,2,11)

K,
- 2 [(a,-2,)" - (-@,—42)"]}
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[Ca,.- A-,):- (4, -4)" ]

K 2
By= - (a,-ap

FYR - o, - M2A

K} =
Ay -y
K o 22 %
L -
Ay
. Fya -
K, = = UL
Ay = Ay
K = a’!_‘&'l
10 -
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Here SF, WYM, WSF, CCSF and ASF are aerodynamic forces or moments acting
upon the aircraft components and are defined in Appendix D. Then after M2GY
is known M1GY and NGY may be determined as

MIGY = K,+K,-MZGV
NGY = Kq+ Km- MaGY

Thus far the reactions at the nose gear NGX, NGY and NGZ have been
determined. The reactions on the two sets of main gear are again calculated
by idealizing the gear and carry through structure as a bent problem. The
horizontal reactions on the front set of main gear, HlA and H1B, and the ver-
tical reactions, V1A and V1B, are found from Equations (10) through (13} with

the substitutions




Fv - MiG2 y L. & 2.¥18
MK- Mt MX N LZ . LI1G
F, = -Mi1GYy
The horizontal reactions on the rear set of main gear, HJA and HIB,

and the vertical reactions, V2A and V2B, are found from Equations (10) through
{13} with the following substitutions

Fy = ™M2G62 ) L, = 2'Y2G
M_ s M2MX ; L, = L26
F" a -MAGY

The preceding analysis supply sufficient relations to calculate
all of the unknown reactions at the landing gear. However, these calculatijons,
as previously mentioned, lead to unreasonably low estimates of the safe
handling speeds for the E-4. The minimum speed predicted by this analysis
can be discerned by inspection of Table 1. In this table L indicates when
the rear main upwind gear is lifting, L-S incidates when the rear main upwind
gear is lifting and the nose wheel is sliding and S indicates when one of the
main gear is sliding. It is seen that trouble occurs at as low a wind speed
as 15 knots., This value was judged to bc unrealiatically low. Analysis of
the numerical results indicated that the problem arose because of the method
used to analvze the side load and vawing moment on the fuselage and the pecu-
liar geometry of the undercarriage wherein the main gear have a close axial
spacing. The source of the large side force reactions can be seen by con-
sidering the following simplified version of the horizontal bending problem
for the fuselage. In this simplified problem we only consider one aerodynamic
side force applied to the fuselage at the center of pressure for the side
forces, and the fuselage is restrained by the gear located at three axial

stations along the fuselage. The problem is shown in the following sketch.
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Table 1

AIRCRAFT FORCE ANALYSIS SUMMARY SHEET;
AIRCRAFT E-4 (5 GEAR) GOING ONTO RAMP

Wikib WIND SPEED (knots) WIND SPEED (nou)
DIRECTION 18 20 2 18 20 =
(dogroes) AIRCRAFT NOSE POBITION, XN = 7%’ AIRCRAFT NOSE POBITION, XN = 200'
E+ x x x x x x
008 X x s X X s
0% X L L s ! LS
0es L LS Ls . Ls Ls
oes X L LS L L LS
128 x x x X L L
18 X X x x x x
1= X X X X s L
218 x L LS L L LS
248 L LS LS L LS Ls
s s L LS L L Ls
208 x X s x x L
AIRCRAFT NOSE POSITION, XN = 175'|  ATRCRAFT NOSE POSITION, XN = 408°
8 X x x X x x
008 X X x x X ]
038 x L L L L L
0 L LS LS L L LS
o098 X LS LS L L LS
128 x X s x £ L
155 X x X x X X
1 x X LS x x L
218 s LS LS L L LS
248 L LS LS L LS LS
278 s L LS L L Ls
2085 X x x X x L

LEGEND: X - AIRCRAFT SAFE: S - GEAR SLIPPING: L - GEAR LIFTING
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FYR M2GY MGy NGY
TRIL 7 - o~ NOSE
xXFYR X26G X1G XNG

Here FY2 is the applied aerodynamic side load applied at the center of pres-
sure which 1s aft of the second main gear because of the vertical tail. Also
M2GY, M1GY and NGY are the side force reactions supplied by the landing

gear. 1f we let X2G = XMG + £ and X1G = XMG - € (for the E-4, XMG = 109.45 ft.
and € = 5,05 ft) and require no lateral deflection at X2G to resolve the in-

determinacy, then the reactions may be expressed by the following relations

MGy = K3+K‘ mMa1cy

NGY = K + K2 M2GY

M2GY

K K
{ 52 (XMG - € -xNG) + K, [2(xMG ~€-xNGYE' + T €¥)

4K, K2
+ T’ 6"}/{ —31(>H~'IG-»z‘-xNG)’4-2K:I e’[xma -€ -XNG ] +f§ﬁ‘ea}

where
K FYA ( XMG ~€ - XFYR)
! XNG - XMG + €
-2€
K. =
2 XNG -XMG +E
. FYA(XNG -~ XFYA)
3 XMG - € - XNG
XNG - XMG&G -€
K =

X XMG - € - XNG




The following limiting behavior with respect to £ may be deduced from

the above formulae

dowm M2GY -
€-+0

Lovw MIGY —- -
&-»0

bue Lom (M2GY + M1GY) — FYR (XFYA - XNG)

€0 XMG - XNG

< o0

30 it is seen that for small axial spacing between the main gear that M2GY
becomes large and positive while MIGY becomes large and negative. As a sample
case that corresponds to uniform wind conditions at 35.35 knots approaching
from 45° from the left the following results are obtained

FYA = 1.5041 x 10* pounds

XFYA = 139.6 ft.

MGY = 5.4504 x 10% pounds

MIGY » -3.9734 x 107 pounds

A
&
=
[ ]

5
2.32 x 10" pounds

These large lateral reactiuns result in lifting of the upwind gcar
located at X2G at low wind speeds.

This difficiency in the analysis could probably be corrected by
treating the four main gear as a space frame unit. However, this would have
required a more detailed knowledge of the aircraft structure and was beyond
the scope of the present program. As an approximation, to fill the needs of
the present program, the actual 5 gear undercarriage of the aircraft was re-
placed with an equivalent 3 gear undercarriage. The four main gear of the
E-4 were replaced with two gears. The original two main gears on each side

of the aircraft were replaced with a single gear located at the mean axial
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station and mean lateral positicn of the original gear. 1t was felt that this
was a reasonable approximaticn considering the relatively close axial spacing
of the actual main gears. The approximate three gear configuration does not
have as wide a track as the actual aircraft gear and therefore can supply

less resistance to overturning moments than the actual gears. It is, there-
fore, thought that the approximate three gear results for safe handling speed

should be conservative.
6.4 RESULTS

The foregoing analysis was applied to each aircraft for five posi-
tions going onte the facility and four positions coming off. The wind speeds
ranged from 20 to 80 knots. The positions of the aircraft going onto and off
the facility were selected as those most likely to cause trouble on the basis
of inspection of the smoke flow studies and velocity surveys. The results
for safe handling speeds are shown in Tables 2-4. 1ln these tables XN i3
the coordinate of the aircraft nose in the TRESTLE axis system. The fusnlage
centerline is always parallel to the X axis of the TRESTLE. The last XN
position for going onte the ramp in each case corresponds to the test position
for the aircraft on the test stand. For the first XN location going onto
the ramp the aircraft is mainly iviaicd on the approach area. This location
was selected on the basis of the smoke flow studies and quite often provides
the minimum safe handling speed. For the case of the B-52 (Table 2) an un-
safe condition first appears at a wind speed of 35 knots. Initial trouble
with this aircraft always entails the slipping of the upwind front gear. The
wind directions which are thirty degrees off alignment with the fuselage axis
give the minimum safe speeds. For the cases of the E-3 and E-4 (Tables 3
and 4) aircraft unsafe conditions first appear <t 35 knots. 1nitial trouble
with these aircraft always entails slipping of the nose gear. The cress wind
cases of 65 degrees and 245 degrees give the minimum safe handling speeds.

A composite graph has been made for each aircraft which gives the safe handling

speeds 3s a function of wind direction considering all positions on the facil-
ity. These plots are shown in Figures 32, 33, 34. The dashed line with
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Table Z (Cont.)

AIRCRAFY FORCE ANALYSIS SUMMARY SHEET;
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k) » Mo & o
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Table 3

AIRCRAFT FORCE ANALYSIS SUMMARY SHEET
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Table 4

AIRCRAFT FORCE ANALYSIS SUMMARY SHEET;
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LR BB & BB AN R
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leaa A o

210
180
180

120

0 10 20 0 40 50 80 70 20
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HEIGHT ON METEQOROLOGICAL TOWER

Figure 32. Summary of Results from Force Analysis of B-52 Atrcraft For All
Positions on Ramp and Test Stand of TRESTLE Facility.
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Figure 33. Summary of Results from Force Analysis of E-3 Afrcraft For All
Positions on Ramp and Test Stand of TRESTLE Facility,
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Flgure 34, Summary of Results from Force Analysis of E-4 Alrcraft (T'r icycle
Gear Approximation) For A1l Positions on Ramp and Test Stand of
TRESTLE Facility.




the square symbols indicate the lowest speed points where the calculations
indicated trouble exists. The solid line with ¢ircular svmbols indicate the
next lowest speed increment where a c¢alculation was made and no unsafe condi-
tions were found. This solid curve is recommended as the boundary for safe
ground handling.

The reactions between the aircraft gears and the test platform are
given in Tables S, 6, 7 and B, [In these tables are listed the gear reaction
(in pounds) for the nose position on the test platform XN, the wind direction,
Pl and the wind speed, UN1F, in knots.

For the case of the B-52 (Table 5) the reaction quantities are de-
fined according to the following list

HIA - Hori:zontal reaction at the fron¢ left gear
HIB - Hori:zontal reaction at the front right gear
H2A - Hori:ontal reaction at the rear left gear
H2B - Hori:ontal reaction at the rear right gear

V1A - Vertical reaction at the front left gear
V1B - Vertical reaction at the front right gear
VJA - Vertical reaction at the rear left gear

V3B - Vertical reaction at the rear right gear

NGX - Axial force reaction at front gears
For the case of the L-3 (Table ©) the following definitions apply
NGX - Axial force reaction at nose gear

NGY - Horizontal reaction at nose gear
NGZ - \Vertical reaction at nose gear

HA - Horizontal reaction at left main gear
HB - Horizontal reaction at right main gear
VA - Vertical reaction at left main gear

VB - Vertical reaction at right main gear
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Table 5

LANDING GEAR REACTIONS FOR B-52 AIRCRAFT ON TEST STAND

AIRCRAFTL poyy

INIST8,0

AIRERAFT GOING ONYD Ranp

Pl

HlAnad 280 gL ¢ 0%
H2Ane2,0%0%C 400

INIRYR, 0

IS T IOUI 0N
MEAT=2.6848E 0%

XNES 78,0

RlAz«2, 31170 +0n
HZAR=2,. 62990400

IN=a8, 0

NlAme2 3208E400
H2A2e2,5790L +0n

Lis%78,0

MlAz=2,3398F 00
H2Ame2,526%Le0%

XNES 78,0

MlAzed, 39510400
H¥hne2, 3338E .00

TNESTS, ¢

MlAz22,49338 404
M2Am=1,9%0YE+0n

INERTS, 0

H1dne2  J1NIE+00
H2Az=2,9181C+0n

INzaTR, 0

HlAa=g  33u1L o0
HZAR=2,%022F+0%

thNay78,0

RlAm=2,35TTE + 00
H2am=2,2876E+ 00

INz% 78,0

HlAne2,3850L +0n
M2Ama2,11220 o0

H1Bs 2,28%%E+0%
H28z 2,8810C+0%

PHls 3.0

TTRIER TIZVIRE 0N

H282 2,927YE+qn
Puls 3.0

Higs 2.499%C+0%
HIBY Z.9828C. 0%

PHla 3,0

H18% 2,3095E+0n
reoE 3.04063Ee04

Prlx 3,0

RiBz 2,3203E+0%
K283 3, 118%E+pn
PHIT “3.p

HIBE 2,3605E«0n
Ntz 3,38%%L. 00

Puls 3,0

Hlle 2,431% 4%
H2Bs 3, 0801E¢00
PRI® 3%.p

H183 2,29T2E+0%
HaHz 3, 0520E«0n
PHI® 35.0

Hi8= 2,2%21E+0%
H2Bz 3,1738E+04
PHIZ 3% ¢

HiBs 2,2%62L+0n
Heps I, 3178Le0n
PRI 3%.p

H1Bz 2,2393L+08
H288 3, 8880E4(0

8.0

- UINFE 23,0

Vide 3,2%Ce0s
VAR ?,0080E.00

UINFE 30,0

VIika §,9197C, 00
VZAT n. 833804

UVINFE 3%,p

Y1iA® &.3118Ee04
V2AR ¢,a318F,.00

ULNF® 80,0

V1A® %,0408E+0%
V2AR §,3981C 400

UINFE %5%,0

V1As 3,%071Le¢0%
Y2he #,129% 0%

UINFx &0,0

V1Aw 1,3295L+0%
V2AE 3,1410E40%

VInNFz 80,0

V1A®e1,9863040%
VaAs 3, 383RE+0n

LINFE 25,0

ViAz S5,3303E«0n
V2AS & ,32%9C.0%

ULNF= 30,0

VIAR 5,3162E0+0%
VaAz 3.8%32E 0%

UINF= 35,0

VIA® 35,0%12€40n
Y2as 5,29%6E400

UiNFx n0,0

VIAE 0, T4SSE 0N
VIAm 8, 58500E+0%

vile §,93%6L+00
vaBz T,8T07C 408

BRALLIR 1210y ] 3

vafls 8,077 e00

veBx T,.78%9E+00
VaBx 8,3220Ce00

VifSz 8, 3178C+08
vaBs 8.%0%TL+pw

vifRz B,919TL+0N
vaflz 8,9204F .00

ViR 1,11%2E+0%
vafRz [,0110E«09

vils 1.3120E409%
Valx 1.2218E+0%

Vifa B, ENIBCe0N
volz 8,922% «08

viAz 6,913 +08
valz 9,01630+08

Vilz 7,22%9[ 408
Vol 9,%99%8[«08

VIBE T,58%9% «0n
Va8s 1,0273C409

NGX3=8,6034C 02

NGXRabh b2BAEL 2
NCXaa%, 03¢RE .02
nslt-[.lragygus
NGhzel,Nul150,p)
NGXe2 ,881%E4y3
NEX==8,7130E,p)
NGII-S.I#SQ[.U?
NeXN=eT,40T2F402
NEXx=1,00820403

NGX=s1,318aF403
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LANDING GEAR REACTIONS FOR B-52 AIRCRAFT ON TEST STAND

XNE3 78,0

HlAz=2,8139C+0%
H2Az=1,9361E0%

KNB3 78,0

HlAga2 33URE+00
H2Azel,2836E+0%

AIN2S% 78,0

HiAz=2,73%0E«Q"
HIAz=1,23%8Ee0)

=378, 0

HiAze2,3106Ee¢08
H2A22,8T29C ¢ 08

XNSSTS.0

HiAza2, ,337TC+0n
HEZAzxe2,339%9C«00

XN2378,0

HiAza2,3626EC400
H2Aza2,1828C¢00

XN2378.0

HiAza2,391%C40%
H242e2,001%C.0%

KN=8T78,0

HlA2a2,4239C+0%
H2Az=1,T93%C+ 00

ANE2T78.0

HiA®=2.508TE+ 04
H2Az=1,03%8E4 0%

XN=8 78,0

HlAz=2,T998C 0%
H2ks 3,1952C+03

XN=5378,0

HLAR=2 269 TE«ON
H2A2w2 ,33TGE+ 8

PHIz 39,0

Allx 2,.2313%C+0%
H28s 3,6T23Ee00

PHls 39,0

H1Bs 2,2023E+0»
H2Rs &,3702C .08

PH1z 33,0

H18% 2,1910C+00
n2Bz 3.61CHE¢ 00

PHIZ 65,0

H1Bz 2,2%67Ee0n
H2B® 3,13T7T1C«0n

PHls §9.0

H1Bx 2,2370C«0%
H2B82 3.2963C¢0n

PH1z 63,0

Hi0z 2,22%6Ce0n
H2Bz 3, %A%&GE+Dn

PH1Z 63,0

HiBs 2,212%.0%
H2Bs 3,T018E+0s

PH1z &9,0

Hibe 2,1973E« 0%
H2Bs 3.98T7%C 08

PHI® 65,0

H132 2,1921C+0%
HZBs 8,8502C+00

PHIz 63,9

H1Bs 2,0%36C+0n
H28% §.881%C+0n

PHlz 93,0

H1Bz 2.,28%13C¢0%
H2BT 3,0083Ce 00

UiNFz 83 .0

ViAs &,39%10.0%
Va2az 3,9193E«08

VINFE 60,0

viiAz 3,1132E.08
ve2iz 1,2122€C+i%

UINFs 80,0

Vidz A,32TTCe03
V2Aze=3,6007E¢ 00

UINFER 25,0

V1a3 6,26L%E00
VZA® 6.1TN9E+Qn

UINFs 30,0

V1Az 6.,3331CEe0%
vaix 3,63%7C.06

UINFs 35,0

V1AZ b.%626E404
VZAZ 4,.9%06E40%

VINFE 80,0

viAs §,5889%C.04
V2Ax 8,263%E.0%

UINFE 83,0

V1A h 7321600
V2A® 3,8301E«008

VINFE 60,0

VILS T.2620C 0%
V2hs 3.8229C.03

VINFE 80,0

ViAz 8,2063E40%
veAR~-5,1872€4+08

UINFz 25,0

ViAz $,7279C+0%
VahAz §,.43980+04

villz 7,8939F.04
vz 1,1036€+0%

viBz 9,5060E+00
voBz 1,386%C0%

viBz 1,21%4E409
vabs 1,88920¢08

viBz $,9088C«0%
vz 8,7830C«0%

viB2 5,8%620.00
valiz 9,3943E40%

viBxz 3,T7T2&E«0%
vaBz J1,0118E¢DY%

viBz 5,68TAC+0%
vaBxz 1,09%3Le0%

v18z 3,9%16C«0%
vaBz 1,188T7C«0%

vi1Bs D,2333E00%
vaBs 1,3376E+09

viBz 4,601TEe0N
voRz 2,1%80€¢0%

viBs 6,3019C4+04
v28x 8,3388C+04

NGXzel,0066Ce¢0)

‘NGXN2=2,%:2%C,03

NGX==%,2673L003
NGXz=2,20%%Ce 02
NGX=«3,18164E402
NoXee8,3306€,02
NGIS-S.G&‘!E.D?
NGXz=T7.1287C402

NGI:-I.?TZT(.OS

NGXx-2,262%C¢03

NGX® 3,0313Ee02
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LANDING GEAR REACTIONS FOR B-52 AIRCRAFT ON TEST STAND

Nes78,.0

TTMIANST ITUIC 0N T T TRIEY T 2TV Viks %, S882T. 00 Vild TIRI7E0. 0%

H2Am=2,8332E+0n
INES TS, 0

H1AZ=2,2706E 0%
H2Ax22,309TE+00

INT3T8,.0

H1A®e2,2T120+00

INZ3T78,0

H1l42=2,2T19E+0%
H2AB=2,00%8E+0%

TEINEST.0 T

Hidze2, 2TAME « 0%
H2Azel ,M0TSE + 0%

INs8T8,0
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A28z 2.9282€+0n

PHIs 12%.0

H1R= 2,2385E+04
neHm £ YBiBLe0N

PHIz 125,¢0

M1Bs 2.2292E+0%
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v2AE=2,48308E« 0%

ULNFz 29,0

viAs 5,0202€.0
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PHls 183%,0

H1Bx 2,2803(+08
H2B2 2,6331L«0n
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UINFE 60,9
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LANDING GEAR REACTIONS FOR B-52 AIRCRAFT ON TEST STAND

(TTTIT N |

MiAz+2,2210C000
MZAm=%,0990E+00

AINES TS,

HIAB+2,298TE+QN
M2AR=3,19%3C+0%
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KNE378,0 PHI® 27%,.0 UINFZ 80,0 - - o, T T
T WIRESZLI9NEHIT - HIBE TLNITTERON T UVIAE Y, 821304 0%  vaBE WL, TTEUESON i
HZAZ=3,602TC+0% w282 1.9843C+00 V24R 1,0768€+0% voBxz 4,1331C+0% NEXz=1,3751€+01

KENZ5TR,.0 pHlz 27%,0 UINFZE 45,0 B
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TH2A==3,8237E.0%  W2BT 1.TTEIESO04 T y2az 1.1663E508 T yoB=z XL 2BLITHIW  NGWT=1.TeusTs0s
XNZ5T78.0 PHIT 275,0 UINFZ §0,0
HiA==-2,3120€+04% H18% 2.592&E+08 V1Az 9,3409E+08 ViBz 3,18RGE+0%
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XN=%78,0 pPrliz 27%.0 VINF= 80,0
HlAz=1,990G1C+0u H1Bz 2.8446C+04 V1A= 1.1936E+0% viBz 9,%5517C+03
H2#z=6.0839E+08 H28==3,8786E+03 VZAZT 2,0872E405 VoBze8, 6683408 NGXZ=5.5008E+03
- XN2%78,.0 T PHIN 305,00 ) UlkF= 2%, 0° -~ ~ — N 0 THER T N
HiAZ=2,28%2E+ 04 H18= 2,2909E+04% V1As £,89%9C+04 vi8z 5,305%C+0%
H2AZ =2, 8884E+04 H2Bs 2,6821C+9% V2Az 7,8979C+04 vaBz 6,956RC+04 NEXz=d ,9622€402
XN=%78,0 PHIx 3057.0 UINF= 30.0 . e N
HlAz=2,2%10€+00% HiBx 2,3008€+0% V1iAz T,2668E4+0% V18z 4,9780E+04
H2AZ=2,9382€+08 K282 2.6%13E+04 VZAT A,116%+00 vaRhz §,7616E+08 NGX==T,1456€+02
XN=%878,0 PHIZ 30%,0 UlNF=s 35,0 -
HlAz=2,2991C+04 Hinx 2.3123C+0% ViAz 7,7063€+04 Yifiz 8,8910E«08 —~ —°  ° T
H2Az=-2 ,99T1E+0% H2a: 2,592%9C.08% vaAzs 8.375TC+0% vaBz 8.53510E+04% NGXZ=9,T289C402
KN=378,0 ' PHIz 30%,0 UWINF= 40,0
HlA==2,3085EF +08 H1R= 2,325TC+0n V1AZ B8.2133€+0% VIRZ 4 1444E+0N
T HM2Az=3.0631€+08 R2ES 2 SITZEFOF "  VIES A,6THRE+08 — yals €,2630€+00 T NGX==[,TT03E+03
XNZ%T78,3 PHIZ 308,90 : UINF= &.,0
HlAz=2,31%0€+08 H1A= 2,3%08E+0% V1As 8,7880C+08 V1B= 3,6383C+0%
H2Az=3,1421C+04% K2z 2,4740E+04 v2a= 9.0128E+00 voAs 5,963kt +04 NGXz=-1,6078C403 -
XNe8T78,0 PHIZ 30%,0 UINF= 60,0
HiAZ=2,3882C+04 Hias 2,3970E+0u4 V1iAs 1,0918E+0% ¥18s 1,7626€+0% -
H2Az=3,.276E4+04% TH28T Z.2398€s04 V2AZ 1,0267E+0% valBz #,8459C+08 HGX==2,8582E40F
T XNXST78,0 PHI=Z 305, UINFZ 80,0 -
YT RIA==2,8278E4+08 Higs Z.49C8C404 Vias 1,.8TORE+0S V1821 ,5TI8E+08 . - -
H2A==3,9351C+04 282 1,8235C+04 V2AZ 1,249TE+0% VoRs 2,8%93E+04 NGXz=%,0813€+03
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LANDING GEAR REACTI(INS FOR B-52 £,RCRAFT ON TEST STAND

ENEST8,0

HiAz=2,2830E+04
H2Ax=2,8100E+0%

ANE3ITE.0

HlAz=2,292%E+04
H2A2=2.82%5%E 0%

INR3TE, 0

HlAz=2,3008C«0%
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PH1: 3%8%,0
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V1AZ 6.6430E+04
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vidz 7,1043E+0%
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vaBz T,4281E+0%

BRALE N 91128 (%1

ViBx §.0328E+0%
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VaBz 7,4489E+04
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viflz 6,0966E+0%
VvoRz T.4A0BE+DW

V18s 6,0620E+04
volz T,%434E4+0%

viBz 6,0714E+Q%
voAx T7,6%48E.D%

NGX2=2,0974EeD2

"NGXz=3,0202€¢02

NGXz=4,1108E+D2

NGXzea3,%5693E+02
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The gear reactions for both the 5 gear E-J4 aircraft (Table 7) and
the 3-gear approximation (Table 8) are given. In Table 7 the nomenclature
is similar to that for the B-52 (Table 5) with the additicn of the nomenclature
for the nose gear as in the case of the E-3. In Table 3 the nomenclature is
similar to that for the E-3 (Table 6). It is recommended that Table 7 be
used for tie down loads if each gear is to be tied down individually. This
should give conservative results. 1f the two main gear on one side of the
aircraft are to be lashed together then Table 8 is recommended for tie down

loads.

The maximum axial force reactions on all the aircraft occurred at a
wind speed of 80 knots. The reactions and the wind direction ard position
on the facility at which they occurred are given in the following table.

TABLE 9
MAXIMUM AX1AL FORCE REACTIONS

Aircraft Force (1b), Wind Angle (¢) Nose Position XN (ft)
E-3 -1.1375 x 10° 275° 455
+3.475 x 10° 125° 455
B-52 -9.0519 x 10° 27" 325
+7.0046 x 10° 215° 113
E-4 -2.3469 X 10‘t 35° 75
+2.0641 x 10° 125° 175

The negative sign means that the aerodynamic forces will tend to
push the tug. These axial reactions are well within the nominal draw bar

pull limits of the tugs recommended for use with each aircraft.
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7.  SUMMARY AND CONCLUSIONS

A combined experimental and analytical study was performed to determine
the effects of atmospheric winds on aircraft being towed onto and tested on the
TRESTLE facility which is being built at Kirtland Air Force Base, New Mexico.

The ultimate fesults of the study were criteria for maximum wind speeds for safe
handling of aircraft on the facility and tie down loads for aircraft being tested
on the facility. The experimental phase of the program consisted of model tests
to determine wind flow pattems and mean velocity components in the flow around
the TRESTLE facility. The analytical phase of the program developed a method,
using the wind velocity measurements, to estimate the forces and moments acting
on aircraft positioned on the facility and to estimate the reaction at the
landing gears.

Model tests were conducted in the Calspan Atmospheric Simulation
Fucility on a 1:480 (1 in. = 40 ft) scale model of the TRESTLE facility and
its surrounding terrain. The tests consisted of smoke flow visualization
studies and hot-film anemometer measurements of the three components of mean
velocity in the flow about the model. The velocity surveys were performed
for twelve different approaching wind directions (every thirty degrees for
angles between 5° and 335°). The velocity measurements in the flow about the
TRESTLE were related to the velocity measured at the 10 meter level of a
meteorological tower that is located near the facility. The velocity measured
at thc mcteorological station was used as the reference velocity for all wind
directions. In general it was found that the highest velocities in the flow
field occurred on the ramp leading to the test stand. These velocities could
be as much as thirty percent higher than the reference velocity. The velocity
measurements in the ASF correspond most clesely to the hourly mean meteorologi-
cal forecasts. However, copservative estimates of the wind effects will be
obtained if the peak gust velocity instead of the hourly mean velocity is in-

terpreted as the reference velocity in the force analysis.
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The analytical phase of the program consisted of developing an aero-
dyvnamic stpip theory that used the velocity measurements in the flow about the
TRESTLE model to estimate the forces and moments acting on aircraft positioned
at various places on the full-scale facility. The aerodvnamic forces und
moments were then used as inputs to a statics problewm in order to determine
the reaction between the aircraft landing gear and ramp. The analysis was

3 embodied in a computer program. Three specific aircraft were considered in the

studv, i -ely the E-3, E-4, and B-52. However, the analvsis and computer pro-
program are not limited to these three aircraft, but should be applicable to

aircraft of the same generic class.

lhe statics problems for the three aircratt considered were all in-
determinate with different degrees of redundancies depending on the number
of landing gears on each aircraft. These redundancies were vvercome by ideal-
izing the aircraft structure as being composed of beams with uniform structural
properties and applyving the principle of consistent deflections. In this fash-
ion the stutics problems could be selved without detailed Knowledge of the
structural characteristics of each aircrntft. The analysis worked well for the
E-3 aircraft (3 landing gears) and the B-52 aircraft (4 landing gears) but gave
unrealisticly low values for the safe handling speed of the E-4 (5 landing gears).
The E-J was subsequently analvzed by replacing the actual 5 gear undercariage
with an equivalent 3 gear undercarriage and this analysis appears to give

reasonable results.

The maximum wind velocity for safe handling was set by the occurrence
of tifting or sliding of any one of the aircraft landing gears. \Using this
criterion and considering all wind directions and aircraft positions, the
maximum wind speed for safe handling of all three of the aircraft considered
was 30 knots recasured at a height of 10 meters on the meteorological tower.

The B-52 was most sensitive to wind directions which were 30 degrees off the
fuselage centerline and the E-3 and E-4 were most sensitive to crosswinds
perpendicular to the fuselage centerline. At wind speeds up to 80 knots, the

calculated draw bar loads were well within the draw bar pull limits of the

tugs recommended for use with each aircraft.
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APPENDIX A
HOT-FILM ANEMOMETER DATA ANALYSIS

The three components of flow velocity in the model test program were
measured with a three-sensor hot film probe (TSI Model No. 1294CC-20-18) in
conjunction with three channels of Calspan fabricated constant temperature
hot-wire anemometer bridges. Each of the three channels was calibrated in a
flow velocity calibration apparatus (TSI Calibrator Model No. 1125) to deter-
mine the output voltage as a function of flow velocity perpendicular to the
sensor elements. The results indicated that all three sensors were extremely
well matched and that a single calibration equation could be used to calculate
the velocity component perpendicular to each sensor, The final calibration
equation is:

2 2
E - 1.44
d = ( ) (A-1

T 0.3909

Pe

where E = anemometer output voltage (volts)
U = velocity perpendicular to hot-film sensor (FT/SEC)
p = air density (slugs/fts)

P, = air density under standard conditions (2.38 x 1(')-3 slugS/ft3)

The density terms ares included in the calibration because the hot-film sensors
respond to density times velocity rather than to velocity alone. The calibra-
tion equation was obtained at air tempercturcs ranging between 67 and 72
degrees Fahrenheit. There would be small corrections involved in the constants
in Equation (A-1) if the air temperature exceeds this temperature range.
However, in the test program the air temperature in the wind tunnel was main-
tained within this range by proper setting of the heater thermostats in the
large room which houses the tunnel.

The percentage accuracy of the hot-film calibrations is shown in
Figure A-1 where it is plotted as a function of the flow velocity term,

By UMEASURED, perpendicular to each sensor. As can be seen, the calibration
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3 is within approximately plus or minus two percent except at the lowest test

velocity where it approaches four pesrcent. The.apparent increase in percentage

error at the lowest flow velocities may not be real since it is very difficult

to obtain an accurate independent measurement of the flow velocity at low
speeds. The independent measurement was obtained from an inclined micro-
manometer in these calibrations and the measured pressure difference from
which -5} UMEASURED is calculated became very small (less than .05 inches
of water at the lowest calibration velocity). 1ln any event the four percent
error (if real) is very small in terms of absolute velocity and since it oc-
curs at low velocities is not significant in terms of calculating the forces
on aircraft.

The calibration equation provides a relation from which the effective
cooling velocity component normal to each sensor can be calculated. One
then uses these cooling velocities to calculate the velocity components in
a wind axis or wind tunnel coordinate svstem. The equations required for
calculating velocity components in the tunnel coordinate svstem can be de-
veloped as follows.

The hot-film probe was mounted on the traversing svstem in the tunnel
so that the three mutually perpendicular hot-film sensors each formed an
equal angle, & , with the wind tunnel axis. If one designates the wind tunnel
coordinates as x', y', 2' and a coordinate syvstem parallel to the three sen-
sors as X, », = then the resulting geometry is iliustrated iu the shetoh on

the following page.

The channel number designations shown in the sketch correspond to
the channel numbers marked on the probe purchased from TSI (See Figure 3 in
main text). If one uses the calibration Equation A-1 to calculate the etffective
cooling velocity components to each sensor channel and calls these velocities
Ul' U: and U3 to correspond to the channel numbers, then a simple algebraic
relationship exists between the cooling velocities Ul' Uz, U3 and the actual

velocity components V‘. V,» V, parallel to each sensor. For the TSI probe,
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SKETCH OF HOT-~FILM SENSOR GEOMETRY

VIEW LOOKING
ALoNG x'

cHANNEL 2 o
o TUNOEL
x AxIS
6 = 54.735L dayg
(HANNEL ]
\
\
Y
SENSOR COORDINATE SYSTEM 1S X, Y&
WIMD TUMNEL COORDINATE SYSTEM 18 x', 4, &
these relationships are,
a a 1 12
U= Yt Y £V,
£l 2 2 a 2 (4.M
Uy = Vo + V¥, + ® Y,
kS LS 2 E
Uy = vV, + W, + 4 V:

The information bulletin('\'l) for data reduction on the TSI probe

suggests a relation which can be reduced to the form of Equations (A-2). The

A-1 "Data Reduction Method for Model 1284 - 3 D Preobes Orthogonal Sensors",

TSI Technical Bulletin TBS
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terms which contain the constant k compensate for sensitivity of the sensor
to flow components parallel to it. The value of the constant was found to

be k = 0.2 from calibration tests with the flow parallel to the sensors.

Equations (A-2) relate the effective cooling velocities (Ul, u,, US)
which are found from the calibration Equation (A-1) to the actual velocity

components (V. , V. , V_) parallel to each sensor. If the probe is immersed in

N
a flow with velocity V whose components are V‘, Vv. V_ then

2 2 a 4
Vi= V¢ Va i Y
and using Equations (A-I)

U+ UL e U] s V(2 dY)

Further algebraic manipulation gives

2 a a 1 a2
V:' V-l o Uy + Uy -Gk,
Cr-4%) (2+ 400~ 47
vE = viou, i ul o+ U:-(1+*5L§ tA-3)
4 (r-&9 (2 +4D(1-£%)
R el N N (A
€ (-4 2+ )0 -42)

Equations (A-3) are explicit relationships which allow calculation of the

velocity components V‘. Vy. V_ given the effective cooling velocities Ul' U,, U3

calculated from the calibration Equation (A-1).

One final set of equations is required to transform the velocity

components V‘. Vy, V_ in the sensor coordinate system to components V". Vv',

-

Vz' in the wind tunnel coordinate system. Referring to the sketch of the

sensor geometry and noting the following trigonometric values,




MG’V%§m9=“’—;MGO"F—'MGO.=E’

then one can show

Vy = Vycoe 8 tVcmd + Vo6 =

-
"

7 V“MBMGOO—VQMOMGO' " 2

) (A=

!
7z Y%

\G' - -Vx.&nG + VEMGMGO'«L VgAJ;n 8 ce0 L0°

f

ﬂs:('v%* T’V‘: + = g )

Equations (A-1), (A-3}) with k = 0.2 , and (A-4) were programmed
into the minicomputer (HP 9825A) to provide on-line solutions for the instan-
taneous velocity components Vx" Vy', Vz'. Four hundred samples of each of
these components were then averaged to provide the mean velocity components
V;-, .f;'. and V;'

nents v", vy', v

In addition, rms values of the fluctuating velocity compo-
» were also obtained by using the relations
A , z 7" r—, %
—1 4 | =2 . I o —_— = o
(Uz.) = [ vzl =3 vx'] b} ('U"j.) = v‘é' - V'J' ] (U r) - l_ al - V

where the bar denotes averages taken over the 400 samples.

= s

Obaining the rms values involved no additional time during the test
program. However they were not wvequired for the purposes of this program
and are not reported herein. The mean and rms velocity data are stored mag-
netically on tape cassettes and can be recalled for further data reduction

on the minicomputer if desired.
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APPENDIX B
MEAN WIND COMPONENTS ABOVE TRESTLE TEST STAND AND RAMP

This appendix presents the mean velocity components (U, V, W) measured
with the hot-film sensor above the TRESTLE model test stand and ramp. The
data are presented in twelve figures (B-1 through B-11), with each figure
presenting the results for a single wind direction. There are five parts
{(a through ¢} to each figure. Each part is for a different height, I, above
the test stand and ramp. The wind direction and height are listed numerically
at the bottom of each figure. 1n addition, the wind direction is shown by
an arrow at the bottom of each page. The mean velocities at each station are
listed in a vertical column with three numbers. The numbers are in order from
the top, the mean horizontal component, U, in the wind direction (positive
in the direction of the arrow)}, the mean horizontal component, V, perpendicular
to the wind directicn (positive to the left when looking in the direction of
the arrow), and the mean vertical component, W, (positive upwards). Each

component has been normalized by the mean wind velocity, U F? at the mete-

RE
orological station at a height 10 meters above local ground level.
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Figure B-3 (Cont.) Mean Velocity Components Above TRESTLE Platform (Wind Axis Coordinates)
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APPENDIX C
CROSSFLOW VELOCITY VECTORS ABOVE TRESTLE PLATFORM

This appendix presents computer plots of crossflow velocity vectors
above the TRESTLE platform. The dats are presented in twelve figures (C-1
through C-12) with each figure presenting the results for a different wind
direction. Each vector, Uy.z in these figures is composed of the lateral
wind velocity, Uy, and the vertical wind velocity, U:. The axial wind compo-
nent, Ux' along the TRESTLE axis is not shown in these figures. The c¢ross-
flow vectors have been normalized by the mean wind velocity, UREF' at the
meteorological station at a height 10 meters above the ground. A velocity
scale showing Uy.:/UREF = 1 is provided on each figure. Note that the ve-
locity compohents {Ux, Uy, Uz) are parallel to the TRESTLE axis coordinate
system shown in Figure 24 in the main text. This coordinate system differs
from the wind axis system used in Appendix B except for the special case of

a8 335 degree wind direction.

Each of Figures C-1 through C-12 contains 10 different vector plots
showing the velocity vectors in vertical planes at ten axial locatiens, (X).
The appropriate vertical cross-section of the test stand, ramp, or local
ground contour is shown schematically below each plot., The wind direction
is listed numerically on each figure and is also shown schematically beside
each of the ten vertical planes, The full-scale coordinates for X, Y, and 2
at each test point can be determined from the information listed in each
figure. Data were not measured at those grid points which show only a dot
without an arrowhead. A plan view of the test grid and its relation to the
TRESTLE platform is shown in Figure 24 in the main text.
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‘ Figures C-1 through C-12 are foldouts and are located at the back of

this document.
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i APPENDIX D

DESCRIPTION OF COMPUTER PROGRAM TO ANALYZE WIND
EFFECTS ON AIRCRAFT

! This appendix gives a brief description of the computer program that
: was developed to analyze the effect of the wind on aircraft on the TRESTLE
é facility. This appendix gives a list of the aircraft geometric parameters
required as inputs to the program, a list of the major aerodymamic force and
moment quantities calculated in the program and a brief description of the

subroutines used in the program. A detailed listing of the computer program
has been delivered to AFSWL under separate cover.

The required input geometrical data is given in the fellowing list,

REQUIRED AIRCRAFT GEOMETRICAL DATA

Wing:
Al - sweep of quarter-chord line
CR - root chord

CT - tip chord

S1 - body radius at wing root
S2 - wing half span
ZWR - height of root chord above ground
LQCW - length from nose tip to root 1/4 chord
¥ - wing dihedral
ﬂw - wing incidence

Horizontal Tail:

ANT - sweep Of quarter-chord line

CTR - root chord




Vertical Tail:
ANT
CVR

Fuselage:

LF

LcC
LAB

ZF

tip chord

radius to root chord

half span of tail

height of root chord from ground
length from nose to 1/4 chord At root
tail dihedral

tail incidence

sweep of quarter-chord line

reot chord

tip chord

height of root chord

height of tip chord

length from nose to root 1/4 chord

height of root chord from ground line

total length

length of nose

length of cylindrical section
length of afterbody

width of cylindrical section

depth of cylindrical section

height of fuselage ¢ above ground

position of a/c nose in TRESTLE axis system
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NG = 3

NG = 4

NG = 5

D

XNG
X16
Y1G

L1G

X16
X26
Y16
Y26
L1G
L2G

NG
X1G6

Case 2: - applies to E-3
all of above plus
Circular Radome:

Landing Gear Configurations

diameter of planform

distance from nose to radome 1/2 chord

distance (height) from top of fuselage to yadome
strut chord

length from nose to 1/4 chord of strut’

distance of nose gear from nose
distance of main gear from nose
distance of main gear from fuselage ¢

length of main gear

distance of lst main gear from nose
distance of 2nd main gear from nose
distance of lst main gear from fuselage ¢
distance of 2nd main gear from fuselage ¢
length of lst main gear

iength of 2nd main gear

distance of nose gear from nose

distance of lst main gear from nose
distance o’ 2nd main gear from nose
distance of Ist main gear from fuselage ¢
distance of 2nd main gear from fuselage ¢
length of lst main gear

length of Ind main gear
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The follewing is a list of the nomenclature and quantities calc.:lated by the
Aerodynamic force and moment part of the computer program. The symbols or
names of each quantity are those used in the FORTRAN listing of the program.

F ) RWAF - axial force on right wing
i LWAF -~ axial force on left wing
FAF - fuselage axial force
AFTR - axial force on right horizontal tai]
AFTL - axial force on left horirontal tail
AFVT - axial force on vertical tail
PAF - axial force on radome pod (E-3)
BFS -~ axial force on radome pod strut (E-3)
RWSF - side force on right wing
LWSF - side force on left wing
WNSF - sum of RWSF and LWSF
FSF - side force on fuselage
SF - side force on fuselage nose
CCSF - side force on fuselage cylindrical section

ASF - side force on fuselage afterbody
SFTR - side force on right horizontal tail
SFTL - side force on left horizontal tail
SFVT - side force on vertical tail

SFP - side force on radome pod (E-3)

SFS - side force on radome pod strut (E-3)
RWNF - normal force on right wing

LWNF - normai force on left wing

NEW - sum 3f RENF ard LWNF

FNF - normal force on fuselage

NL - normal force on fuselage nose

CCNF - normal force on fuselage cylindrical section
ANF - normal force on fuselage afterbody
NFTR - normal force on right horizontal tail
NFTL - normal force on left horizontal tail
PNF - normal force on radome pod

RWRM = rolling moment on right wing
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LWRM - rolling moment on left wing
RMHTR - rolling moment on right horizontal tail
RMHTL - rolling moment on left horizoneal tail

RMVT - rolling moment on vertical tail

PRM - rolling moment on radome pod (E-3)

RMS -« rolling moment ¢n radome pod strut (E-3)
RWPM - pitching moment on right wing

LWPM - pitching moment on left wing

WM - sum of INPM and RWPM

PMHTR - pitching moment on right hori:zontal tail
PMHTL - pitching moment on left horizontal tail
FPM - pitching moment on fuselage

PPV - pitching moment on radome pod (E-3)
RWYM - vyawing moment on right wing

LWYM - vawing moment on left wing

WYM - sum of RmIM and LY M

FYM - yawing moment on fuselage

YMHTR - yawing moment on right hori:ontal tail
YMHTL - yawing moment on left horizontal tail
YM\T - yawing moment on vertical tail

PYM - Yyawing moment on radome pod (E-3)

YMS - yawing moment on radome pod strut (E-3)
FXA - total axial force on aircraft

FYA - total side force on aircraft

FIA - total normal force on aircraft

MXA - total rolling avment on aircratt

MYA - total pitching moment on aircrart

MZA - total yawing moment on aircraft

The following is a list of the subroutines and a short description
of their function, in the computer program that was used to calculate the
reactions on the landing gear of each aircraft.
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TRESTLE
INPUTS

GEQM

AEROFM

GREAC

PRINTS
WINGL

WING2

WING3

WINGRL

F'NOSE

FUCYLN

FUAFT3

HTPANS

VTFOMD

RDOMEP

Main program

Reads all input data except U_, ¢

and XN

Computes all geometric parameters
needed in the analysis

Directs the computation of the aero-
dynamic forces and mowments on the
whole aircraft

Directs the computation of the gear
reactions for all aircraft

Outputs all data

Computes forces and moments on inboard
panel for both wings

Computes forces and moments on the
middle wing psnel for both wings
Computes forces and moments on the tip
wirng panel for both wings

Sums the forces and moments on all
wing panels and computes the induced
drag

Computes forces and moments or fuselage
nose

Computes forces and moments on cylindrical
section of fuselage

Computes forces and moments on fuselage
afterbody and sums all forces and
moments on fuselage

Computes forces and moments on horizon-
tal tail

Computes forces ond moments oa vertical
tail

Computes forces and moments on radome
pod (E-3)
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RDOMES

CLDVSA

NIND

GEARS 3

GEARS 4

GEARS 5

FACKS
FACSK
FACSS

Computes forces and moments on
radome strut (E-3)

Interpolates in tables of CL and

CD ve. & for NACA 0012 airfoil data
Stores all velocity data from wind
tunne]l tests and interpolates as re-
quired for other subroutines
Computes gear reactions for aircraft
having 3 gears

Computes gear reaction for aircraft
having 4 gears

Computes gear reactions for aircraft
having 5 gears

Computes special functions needed in
GEARS 3, GEARS 4, GEARS S
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':_ gure C-6 Mean Crossflow Velocity Vectors, U ’
TRESTLE platform, 155 Degree Wind
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Figure C-7 Mean Crossflow Velocity Vectors, U ., in vertical Planes Above
TRESTLE Platform, 185 Degree Wind *°
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Figure C-11 Mean Crossflow Velocity Vectors, U in Vertical Planes Ab
TRESTLE Platform, 305 Degree Wind V2’ ove
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Figure C-12 Mean Crossflow Velocity Vectors, U

20 in Vertical Planes
TRESTLE Platform, 335 Degree Wind ¥°
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